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ABSTRACT 


Exchangeable  cations  when  adsorbed  by  clay  minerals  tend  to 
undergo  hydrolysis  with  hydrogen  replacing  the  exchangeable  cation. 
Clay  minerals  on  which  hydrogen  is  adsorbed  are  unstable  and  tend  to 
decompose  producing  H-Al  clay  and  eventually  Al-saturated  clay.  It 
is  conceivable  that  H-clays  produced  through  the  hydrolysis  of 
exchangeable  cations  could  result  in  the  formation  of  aluminum  inter¬ 
layers  and  eventaully  intergrade  mineral  structures. 

In  view  of  this  possibility  the  present  study  was  undertaken  to 
determine  the  effect  of  various  exchangeable  cations  on  the  hydrolytic 
decomposition  of  the  clay  minerals;  Arizona  montmorillonite ,  Fithian 
illite  and  hectorite.  The  effect  of  aging  homionic  suspensions  of  the 
clay  minerals  at  two  different  temperatures  were  compared  for  various 
cation  saturations.  In  the  case  of  Arizona  montmorillonite  the  effect 
of  anions  (SO^  and  Cl")  and  anion  concentration  on  the  hydrolysis 
reactions  of  the  homionic  clay  suspensions  was  also  investigated. 

The  results  of  chemical  and  mineralogical  analysis  indicated 
that  the  clay  minerals  studied  underwent  hydrolysis  and  weathering 
reactions  which  were  strongly  dependent  on  temperature.  These 
reactions  were  also  influenced  by  the  nature  of  the  clay  mineral, 
nature  of  the  initial  saturating  cation,  and  the  kind  and  quantity 
of  anions  present  in  the  system. 

Evidence  was  obtained  that  an  alumino-silicate  of  the  "kaolin- 
type"  was  formed  from  decomposition  products  of  montmorillonite.  The 
formation  of  this  material  was  dependent  on  the  nature  of  the 
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exchangeable  and  soluble  cations  present  in  the  system.  The  formation 
of  stable  Al-hydroxy  and  Mg-hydroxy  interlayers  was  not  evident  in 
any  of  the  clay  systems  studied. 
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I.  INTRODUCTION 


Natural  14A  layer  silicates  with  properties  intermediate  be¬ 
tween  chlorites  and  vermiculites  or  montmor illonites  are  common  in 
many  soil  clays.  A  great  deal  of  investigational  work  has  been  done 
on  these  intergrade  minerals  during  the  last  15  years. 

Soil  scientists  have  developed  two  general  approaches  for  the 
study  of  the  properties  of  intergrade  minerals  and  the  mechanism(s) 
of  formation.  One  approach  is  their  identification  and  characteriza¬ 
tion  as  they  occur  and  form  in  situ.  The  second  approach  is  the  labora¬ 
tory  synthesis  of  intergrade  minerals  considered  to  be  analogous  of 
those  formed  _in  situ.  This  approach  utilizes  pure  clay  minerals 
where  interlayer  formation  is  induced  through  various  chemical 
treatments.  Montmor il Ionites  and  vermiculites,  with  their  expansible 
layer  properties,  have  served  most  extensively  as  the  clay  standards 
while  aluminum  is  general ly  commonly  chosen  for  the  development  of 
interlayered  cationic  complexes,  although  magnesium  and  iron  have 
also  been  used. 

Among  other  factors,  pH  is  recognized  to  be  a  significant 
factor  with  respect  to  intergrade  mineral  formation.  Decrease  in 
solution  pH  during  synthetic  interlayer  preparation  has  been  inter¬ 
preted  as  being  indicative  of  hydrolysis  resulting  in  subsequent 
formation  of  basic  aluminum  polymers. 

Many  exchangeable  cations  when  adsorbed  by  clays  tend  to 
undergo  hydrolysis  with  hydrogen  replacing  the  exchangeable  cation. 

Kelly  (1951)  found  that  leaching  a  sodium  saturated  soil  with  water 
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results  in  the  displacement  of  sodium  by  hydrogen  ions. 

Barshad  (1960b)  recognized  that  not  only  hydrogen  ions  of 
solution  could  penetrate  the  interior  of  the  clay  crystal  lattice 
to  displace  octahedral  and  tetrahedral  ions,  but  also  adsorbed 
hydrogen  ions  .  Schwertman  and  Jackson  (1964)  have  shown  that  hydro¬ 
lysis  and  polymerization  of  exchangeable  aluminum  is  enhanced  by 
the  presence  of  montmorillonite  or  vermiculite.  The  resulting 
hydroxy-aluminum  species  may  conceivably  become  non-exchangeable 
and  result  in  the  formation  of  an  aluminum  interlayered  montmorillon¬ 
ite  or  vermiculite.  As  far  as  known  all  of  the  work  previously  done 
on  the  preparation  of  synthetic  aluminum  interlayers  in  clay  minerals 
has  involved  the  addition  of  aluminum  ions  from  external  sources  .  The 
formation  of  aluminum-interlayers  as  a  result  of  the  replacement  of 
octahedral  aluminum  from  clay  crystal  lattices  by  the  action  of 
hydrogen  ions  has  not  been  demonstrated.  However,  it  is  conceivable 
that  hydrogen-clays  produced  through  the  hydrolysis  of  exchangeable 
cations  could  result  in  the  formation  of  aluminum  interlayers  and 
eventually  intergrade  mineral  structures. 

In  view  of  this  possibility  the  objectives  of  the  present 
study  are: 

(1)  To  study  the  hydrolytic  decomposition  of  sodium  and 
magnesium  saturated  clays:  Arizona  montmorillonite,  Fithian 
illite  and  hectorite. 

(2)  To  study  the  hydrolysis  of  various  homionic  Arizona 
montmorillonite  suspensions. 

-2 

(3)  To  study  the  effect  of  anions  (SO^  and  Cl  )  and  anion 
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concentration  on  the  hydrolysis  of  homionic  Arizona  montmor illon- 
ite  . 

(4)  To  study  the  possibility  of  A1 -inter layer  formation 
as  a  direct  result  of  the  hydrolysis  of  homionic  clays. 

The  experimental  procedure  is  divided  into  three  parts.  Part 

I  is  devoted  to  objective  (1) ,  Part  II  is  devoted  to  objective  (2) , 

and  Part  III  is  devoted  to  objective  (3)  .  Objective  (4)  is  encompassed 

in  all  three  parts  of  the  study. 
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II.  LITERATURE  REVIEW 

General 

The  presence  of  so-called  chlor ite -1 ike  minerals  has  been 
reported  in  many  soils  of  acid  and  alkaline  reaction  (Jackson,  1963). 

The  minerals  have  been  designated  by  many  other  terms,  for  example, 
dioctahedral  vermiculite  (Rich  and  Obenshain,  1955),  dioctahedral 
analogue  of  vermiculite  (Brown,  1953),  14A  mineral  (Pearson  and 
Ensminger,  1949),  chlorite-like  mineral  (Klages  and  White,  1957), 
inters tratif ied  chlorite -vermicul ite  (Jackson,  et  al.,  1954),  inter- 
gradient  chlorite-expansible  2:1  layer  silicate,  intergradient 
chlor ite- vermicul ite ,  in ter gradient  chlor ite- vermicul ite -montmor il Ion¬ 
ite,  intergrade,  or  interlayered  vermiculite  (Dixon  and  Jackson,  1962), 
and  2:1  -  2:2  intergrade  (Jackson,  1963).  The  minerals  designated 
by  these  terms  are  evidently  of  the  same  category  and  many  are 
synonymous.  Although  the  minerals  are  of  intermediate  properties, 
between  true  chlorite  and  true  vermiculite  or  montmor il Ionite ,  they 
may  be  regarded  as  an  independent  species  (Jackson,  1963). 

Intergradient  2:1  -  2:2  layer  silicates  have  interlayers 
incompletely  filled  with  respect  to  the  brucite  or  gibbsite  sheets 
(Jackson,  1963) .  The  interlayers  are  heterogeneous  and  occur  as 
islands  of  brucite  (Grim  and  Johns,  1954)  or  gibbsite  (Dixon  and 
Jackson,  1962),  surrounded  by  water  and  exchangeable  cations  distribu¬ 
ted  in  the  interlattice  positions  as  characteristic  for  vermiculite  or 
montmorillonite .  When  stripped  of  the  interlayer  islands  by  extraction, 
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the  intergradient  minerals  may  show  either  vermiculite  (Rich,  1960, 
Sawhney,  1960)  or  montmor illonite  spacings  (Tamura,  1957,  Dixon  and 
Jackson ,  1959) . 

Naturally  Qccuring  Intergrade  Minerals 

Occurence  of  aluminum  interlayers  in  clay  minerals  of  acid 
soils  has  been  noted  by  numerous  workers  in  recent  years.  Jeffries 
£^£^.(1953)  described  a  vermicul ite-chlor ite  mineral  found  in  certain 
Pennsylvania  soils  which  exhibited  only  partial  collapse  after  being 
K-saturated  and  heated.  Rich  and  Obenshain  (1955)  noted  a  similar 
mineral  in  Red-Yellow  Podzolic  soils  in  Virginia  and  concluded  that 
it  represented  a  partially  A1 -inter layered  dioctahedral  vermiculite. 
Klages  and  White  (1957)  have  described  a  chlor ite -1 ike  mineral  found 
in  certain  Indiana  soils,  which  exhibited  difficulty  in  collapsing 
to  10A  after  being  K-saturated  and  heated.  Tamura  (1958)  investigated 
a  New  Jersey  soil  which  contained  clay  minerals  which  were  difficult 
to  expand  and  collapse  with  glycerol  solvation  and  K-saturation 
respectively.  However  following  extraction  procedures  to  remove 
aluminum  and  iron  the  minerals  expanded  with  glycerol  and  collapsed 
with  K-saturation.  Hathaway  (1955)  found  "dioctahedral  vermicul ites" 
in  certain  Virginia,  New  Jersey,  and  Wisconsin  soils  which  exhibited 
a  resistance  to  collapse  when  heated.  Pawluk  (1962)  has  found  clay 
minerals  with  14A  d  spacings  in  the  B  horizons  of  podzolized  soils 
in  Alberta.  These  minerals  exhibited  a  failure  to  collapse  to  a  10A 
d  spacing  when  heated  at  510°C.  Furthermore  when  well  developed 
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the  "d"  spacings  of  the  clays  were  unaffected  by  glycolation  or 
exchangeable  cations.  Pawluk  concluded  that  adsorbed  hydrated 
alumina  hydroxy  ions  in  the  interlayer  region  of  the  clays  investigated 
was  responsible  for  the  observed  14A  d  spacings. 

In  addition  to  occurring  in  acid  Red-Yellow  soils,  inter¬ 
gradient  clay  minerals  have  been  found  in  southern  Gray-Brown  Podzolic 
soils  (Dixon  and  Seay,  1957) .  Interlayer  material  also  occurs  in 
Gray-Brown  Podzolic  soils  of  Indiana  (Kalges  and  White,  1957). 

The  occurence  of  Fe  with  A1  in  pedogenic  interlayers  has  been 
indicated  by  Sawhney  (1960)  and  Dixon  and  Jackson  (1959)  .  The 
possibility  of  allophanic  interlayers  has  also  been  suggested  (Dixon 
and  Jackson,  1962) .  Jackson  (1963)  has  found  that  montmorillonite 
can  exist  in  highly  montmor illonitic  soils  long  after  the  soils  become 
acid,  but  such  soils  eventually  give  way  to  kaolinite  possibly  through 
a  series  of  interlayered  intermediate  weathering  products. 

Theories  of  Intergrade  Mineral  Formation 

(1)  Interlayering  by  Mica  Cleavage 

Probably  the  most  widely  accepted  theory  for  the  formation  of 
interlayers  involves  the  depletion  of  potassium  from  mica  during  the 
course  of  chemical  weathering.  According  to  this  theory  freshly 
exposed  mica  crystals  begin  weathering  chemically  as  soon  as  they  come 
into  contact  with  water.  This  results  in  interlayer  potassium  being 
subjected  to  depletion  through  chemical  equilibrium  with  the  soil 
solution,  and  in  a  subsequent  gain  of  adsorbed  cations  and  water. 


The  loss  of  potassium  is  visualized  as  occurring  at  the  edge  of  mica 
crystals,  resulting  in  cleavage  and  expansion  of  the  mica  sheets. 

Such  cleavage  results  in  a  heterogeneous  population  of  interlayers 
composed  of  residual  potassium  interlayers  and  cation-water  inter¬ 
layers.  This  "frayed  edge"  (Jackson,  1963)  type  of  weathering  of 
micas  to  expanded  layer  silicates  is  now  widely  accepted  (Barshad, 
1948,  Walker,  1949,  Murray  and  Leininger,  1956,  Whittig  and  Jackson, 
1956,  Brown  and  Jackson,  1958). 

(2)  Degrading  Chlorite  Weathering  Mechanism 

Weathering  of  chlorite  to  2:2  -  2:1  intergrades  has  been 
suggested  through  acid  removal  of  iron  from  the  interlayer  (Harrison 
and  Murray,  1959)  and  by  replacement  of  the  hydroxyls  of  the  brucite 
layer  by  hydronium  ions  with  formation  of  water  (Droste,  1956).  A 
residuum  of  aluminum  and  possibly  iron  hydroxide  interlayers  (Dixon 
and  Jackson,  1962)  would  remain  with  "holes"  (internal  edges)  if 
magnesium  were  selectively  removed  by  weathering  (Jackson,  1963). 

(3)  Swelling  2:1  -  2:2  Intergrades 

Stephen  and  MacEwan  (1951)  described  "swelling  chlorite"  as 
having  one  surface  of  the  brucite  layer  unattached  to  a  silicate  layer 
the  interlayer  positions  thus  would  be  heterogeneous  with  respect  to 
brucite  and  water-cation  layers.  The  occurence  of  such  inter layer ing 
in  montmorillonite  of  natural  soil  clays  was  indicated  (Sawhney  a nd 
Jackson,  1958)  in  a  Queensland,  Australia  soil  clay  weathered  from 
basalt.  The  weathering  mechanism  by  which  swelling  intergradient 
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2:1  -  2:2  montmorillonite-chlorite  is  formed  appears  to  result  from 
the  swelling  character  of  montmorillonite  which  has  spacings  of  40A 
or  more  in  water  (Norrish,  1954).  In  a  feldspar-rich  mantle,  alk¬ 
alinity  and  hydrolysis  yield  a  plentiful  supply  of  freshly  precipitated 
aluminum  hydroxide,  positive  in  charge  at  just  under  pH  8.3  (Jackson, 
1963)  .  The  presence  of  large  amounts  of  montmorillonite  tends  to 
encourage  moist  conditions  and  as  a  result  the  soil  clay  is  kept 
swollen  to  20  or  40A  spacings.  Gibbsite  sheets  thus  can  attach  on 
only  one  layer  so  long  as  the  layers  are  widely  separated.  Laboratory 
synthesis  by  some  workers  (Slaughter  and  Milne,  1960)  have  involved 
the  attachment  of  gibbsitic  interlayers  to  one  surface  while  the 
montmorillonite  was  in  a  swollen  state.  The  gibbsitic  character  of 
the  interlayer  has  been  indicated  in  synthetic  preparations  (Shen  and 
Rich ,  1962)  . 

Role  of  Aluminum  in  the  Formation  of  Interlayers  and  Intergradient 
Clay  Minerals 

The  forms  of  interlayer-Al  probably  are  variable  in  2:1  layer 
silicates  contained  in  soils  and  sediments.  Some  of  the  problems  that 
concern  aluminum  in  interlayers  are:  (1)  the  extent  of  filling  of  the 
interlayer  space  with  nonexchangeable  aluminum  ions  or  other  groups, 

(2)  the  degree  of  hydroxylation  of  the  aluminum  present,  and  (3)  the 
degree  of  polymerization  (including  gibbs ite-like  layers)  if  hydroxy- 
forms  of  aluminum  are  present.  According  to  Jackson  (1963)  chemical 
weathering  relationships  of  acid  soils  indicate  the  interlayer 
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precipitation  of  aluminum  hydroxide  in  expansible  layer  silicates 
tends  to  occur  preferentially  to  precipitation  of  a  separate  free 
gibbsite  phase.  This  is  apparently  supported  by  the  fact  that  clays 
interlayered  with  hydroxy-aluminum  occur  widely  both  in  acid  and 
alkaline  soils  (Jackson,  1963,  1964).  Further  support  is  given  by  the 
fact  that  additional  adsorption  of  aluminum  from  solution  by  aluminum- 
saturated  montmorillonite  (with  concurrent  pH  lowering,  signifying 
hydroxy-aluminum  polymerization)  occurred  at  an  activity  product  less 
than  that  of  the  Ksp  of  gibbsite  (Ragland  and  Coleman,  1960).  Accord¬ 
ing  to  Jackson  (1963)  the  decrease  in  solution  pH  during  interlayer 
precipitation  indicates  hydroxy-aluminum  "lattice  building",  the 
hydroxyl  ions  coming  from  water  and  hydrogen  ions  being  liberated 
by  the  hydrolysis.  Differences  in  pH  as  related  to  precipitation  of 
A1(0H)2  appear  to  be  associated  in  part  with  suppression  of  aluminum 
hydrolysis  when  the  aluminum  is  held  by  a  cation  exchanger  (Shen  and 
Rich,  1962).  In  the  case  of  montmorillonite,  Low  (1955)  found  that  the 
precipitation  of  A1(0H)^  during  the  titration  of  Al-bentonite  with 
sodium  hydroxide  began  at  a  pH  about  one  unit  higher  than  that  for  an 
aluminum  chloride  solution.  In  addition  Shen  and  Rich  (1962)  report 
that  work  done  by  Frink  (1960)  indicated  that  the  hydrolysis  of  alumi¬ 
num  on  a  clay  surface  is  suppressed  compared  to  that  in  solution. 
However  Ragland  and  Coleman  (1960)  indicated  that  the  hydrolysis  of 

aluminum  in  solution  was  increased  by  the  presence  of  clay.  According 

3+ 

to  Shen  and  Rich  (1962)  the  concentration  of  aluminum  ion  (A1  )  and 

other  cations,  and  the  kind  of  associated  anions  affect  hydrolysis. 
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The  electrostatic  attraction  of  positively  charged  polyions  to 
negative  colloidal  electrolytes  and  other  anions  such  as  sulfates  can 
accelerate  hydrolytic  precipitation  with  simultaneous  lowering  of  the 
solution  pH. 

Hsu  and  Rich  (1960)  suggested  that  the  initial  step  of  the 
hydrolysis  of  aluminum  probably  is: 

A1(H20)63H: - »A1(H20)5(0H)2+  +  H+  [lj 

The  work  of  Schofield  and  Taylor  (1954)  indicated  that  this  is 
the  major  immediate  reaction.  Other  workers  have  indicated  that  there 

are  secondary  reactions  which  result  in  an  aggregation  of  the  monomeric 

2+ 

A1(H20)^(0H)  .  Further  hydrolysis  reactions  can  also  occur.  These 

are  shown  below. 

A1  (H20)  5  (OH)  2+ - *  A1  (H20)  4  (OH)  2+  +  H+  [  l\ 

A1(H20)4(0H)2+ - >  A1  (OH)  3  +  H+  [3] 

This  aging  process  may  be  enhanced  considerably  by  increasing  the 
temperature.  Matijevic'  and  Tezak  (1953)  found  that  at  90°C  the  pH  of 
a  0.002N  aluminum  nitrate  solution  decreased  from  4.7  to  3.5  after 
900  minutes.  Other  experiments  have  shown  that  hydrolysis  and  aggrega¬ 
tion  processes  may  continue  for  a  considerable  time  (months)  at  room 
temperature.  Although  the  fundamental  principle  of  hydroxy-ion 
polymerization  described  in  various  reports  is  similar,  the  structures 
and  compositions  of  polymers  suggested  by  different  authors  are  quite 
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different.  Thus  Brosset  et  a]_.  (1954)  judging  from  the  behavior  of 
aged  solutions  and  from  crystallographic  evidence,  concluded  that 
Al^(0H)^5  is  the  main  product.  Tanabe  (1954)  suggested  the  structure 
Al2+n  (OlO^Cl^  for  hydroxy-aluminum  chloride.  Matijevic^  and  Tezak 
(1953)  suggested  the  following  structure,  based  on  coagulation  studies: 


0: 


.Al(H20)m 

-A1  (H20) 


m 
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Work  done  by  Ruff  and  Tyre  (1958)  indicated  that  the  average 
number  of  aluminum  ions  in  aggregates  increased  with  increasing  0H/A1 
ratio,  but  that  in  any  given  solution  there  is  a  distribution  in  the 
size  of  the  different  aggregates.  Tanabe  (1954)  reported  that  above 
the  0H/A1  ratio  of  0.21  the  aggregates  formed  in  a  solution  of 
Al2(SO^)2  have  a  constant  composition  of  A^O^iSO^p  3:2  irrespective 
of  the  basicity  and  that  the  amount  formed  is  related  directly  to 
the  basicity. 

Work  done  by  Hsu  and  Rich  (1960)  on  aluminum  fixation  in  a 
synthetic  cation  exchanger  indicated  that  each  nonexchangeable 
aluminum  ion  was  associated  with  two  hydroxyl  groups,  or  that  there  was 
a  similar  average  distribution  of  fixed  aluminum  and  hydroxyl  groups. 
There  also  exists  the  problem  of  whether  this  nearly  constant  ratio  of 
fixed  aluminum  to  hydroxy  ion  is  controlled  by  a  hydrolysis  or  poly¬ 
merization  mechanism  of  the  solution  or  by  some  selective  property 
of  the  clay  mineral  such  as  size  or  shape  of  pore. 
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Freshly  prepared  aluminum  chloride  solution  probably  contains 
3+ 

mainly  aluminum  (A1  )  ions  associated  with  a  group  of  hydroxy- 

aluminum  ion  polymers,  but  the  concentration  of  these  polymers  is 
not  great.  The  distribution  shifts  toward  larger  polymers  on  aging, 
heating,  or  increase  in  pH. 

Crystal  structure  is  greatly  influenced  by  the  polarizing 
power  of  the  cation  and  the  polarizability  of  the  anion.  The  combina- 

O  i 

tion  of  aluminum  ion  (A1J  )  and  hydroxyl  ion  tends  to  form  a  layer 
structure  with  hydroxyl  bonds.  Gibbs ite  is  known  as  a  mineral  which 
has  a  layer  structure  composed  of  ring  units  of  6  aluminum  ions  each. 
The  gibbsite  structure  suggests  that  the  repulsion  among  6  aluminum 
ions  should  be  balanced  by  the  attraction  of  hydroxyl  bonds,  and  such 
ring  structures  should  be  particularly  stable.  X-ray  diffraction 
data  for  vermiculite,  containing  fixed  interlayer  aluminum  after 
being  treated  with  hydroxy-aluminum  solution  shows  a  001  spacing  of 
about  14A  (Rich,  1960).  This  suggests  that  the  fixed  polymer  is 
single-layered.  It  is  postulated  that  the  principle  hydroxy-aluminum 
polymer  is  a  layer  lattice  composed  of  stable  ring  units  containing 
6  aluminum  ions.  The  "dibasic  aluminum  ion"  polymers,  which  appeared 
to  be  the  principle  species  fixed  in  the  synthetic  cation  exchange 
resin  of  Hsu  and  Rich  (I960),  may  be  described  as  a  structure  composed 
of  a  single  6-Al-ion  ring  surrounded  by  12  molecules  of  water.  Such 


a  structure  is  illustrated  below. 
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•  =  OH 

•  =  h2o 

Proposed  gibbsite-like  structure 
of  a  hydroxy-Al  polymer  having  an 
average  positive  charge  of  1  for 
each  A1  atom  (After  Hsu  and  Rich 
(1960)  as  adapted  from  Brosset 
et  al .  (1954) .) 


Rich  (1960)  states  that  in  order  to  form  such  a  ring  unit, 
the  minimum  basicity  of  aluminum  ions  should  be  dibasic  because  of 
the  necessary  limitation  of  hydroxyl  bonds.  The  monobasic  species 
produced  by  the  hydrolysis  reaction  previously  given  in  equation  1 
could  at  most  form  dimers  initially,  but  such  dimers  may  hydrolyze 
further  and  form  larger  polymers  and  finally  a  stable  6-Al-ion  ring 
structure  with  1  net  positive  charge  per  aluminum  ion.  In  addition, 
six  single  dibasic  species  may  polymerize  directly  into  such  a 
s  tructure . 

The  ability  of  0H-A1  polymers  formed  by  the  above  mechanisms 
to  be  adsorbed  by  clay  minerals  would  depend  on  the  dimensions  of  the 
interlayer  space,  the  charge  density  of  the  clay,  type  of  bonding, 
and  the  nature  of  the  aluminum  ions  as  well  as  that  of  any  cations 
and  anions  present  (Rich,  1960) . 

Jackson  (1960)  reports  that  polymeric  cations  (mixed  with  some 
monomers)  are  present  in  the  basicity  range  of  0H/A1  of  0.5  to  1.3 
for  nitrate  solutions;  structural  considerations  show  that  these 
polymers  must  be  linear,  OH-linked  chains  of  2  or  more  aluminum 
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atoms.  At  a  basicity  of  2,  the  average  aluminum  per  particle  is  3.1 
to  9  in  nitrate  solutions.  This  particle  size  averages  the  same  as  the 
hexagonal  hydroxyaluminohydronium  structure,  Al^ (OH)  (1^0) Pre“ 
viously  reported  (Hsu  and  Rich,  1960)  .  Jackson  (1960)  further  proposes 
that  both  soluble  polyvalent  anions  (such  as  sulfate)  and  anionic  col¬ 
loidal  electrolytes  (such  as  expansible  layer  silicates)  exert  polari¬ 
zation  and  steric  pinching  effects  which  increase  the  polymerization 
rate  of  hydroxy-aluminum  species  by  decreasing  the  distance  between 
hydroxymonomers  and  polymers,  normally  produced  by  the  dissociation 
reaction  given  previously  in  equation  £lj .  This  polymerization 
results  in  the  expulsion  of  into  the  solution.  The  ^0+  released 

can  then  attack  clay  crystal  edges  with  the  release  of  more  aluminum 
3+  3+ 

(A1  ) .  This  A1  can  then  undergo  hydrolysis  and  thus  repeat  the 
process  outlined  above.  In  this  way  clay  minerals  may  undergo 
catalytic  decomposition,  with  the  attendent  production  of  hydroxy- 
aluminum  species. 

Role  of  Hydronium  Ions  in  the  Formation  of  A1 -Interlayers 

Many  processes  lead  to  an  acidification  of  the  soil  substrate 
through  replacement  of  alkali  or  alkali  earth  counterions  by  hydrogen 
ions  in  exchange  reactions.  One  example  of  such  a  process  is  the 
development  of  "hydrolytic  acidity"  (Jackson,  1963)  .  Hydrolytic 
acidity  refers  to  the  hydrolysis  of  exchangeable  cations  adsorbed 
by  clays  with  the  exchangeable  cation  being  replaced  by  hydrogen  ion. 
Such  a  process  can  be  represented  as: 
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Na-clay  +  H20 - >  H-clay  +  NaOH  [4]  . 


Kelley  (1951)  found  that  when  sodium  saturated  soil  is  leached 
with  water,  hydrolysis  takes  place,  and  the  reaction  represented  by 
equation  j^TJ  abo  ve  occurs . 

Barshad  (1960b)  recognized  that  not  only  H+  of  solutions  could 

penetrate  the  interior  of  a  crystal  particle  to  displace  octahedral 

and  tetrahedral  ions,  but  also  adsorbed  H+.  Thus  adsorbed  and 

exchangeable  H+  will  tend  to  penetrate  clay  crystal  lattices  with  the 

release  of  octahedral  or  tetrahedral  aluminum,  as  well  as  octahedral 

2+ 

Mg  .  Laudelout  and  Gilbert  (1965)  state  that  the  conversion  of  a 
homionic  Na  clay  to  a  hydrogen-aluminum  clay  is  an  irreversible 
process .  They  represent  such  a  process  by  equation  H- 


,edges  -  Na" 


.edges  -  A1 


clay 


+  H"1" - >  clay' 


+  Na 


^faces  -  Na 
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'faces  -  H 
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Schwertman  and  Jackson  (1963,  1964)  have  shown  that  both 
montmor illonite  and  vermiculite  have  the  ability  to  enhance  hydrolysis 
and  polymerization  of  exchangeable  aluminum,  liberated  from  the  clay 
crystal  structure  by  the  spontaneous  conversion  of  the  hydrogen-clay 
to  a  hydrogen-aluminum,  or  finally  to  an  aluminum  clay.  The  resulting 
hydroxy-aluminum  tends  to  be  nonexchangeable  (Schwertman  and  Jackson, 
1964)  and  thus  in  time  the  process  (hydrogen-clay  converting  to  an 
aluminum  clay)  can  be  visualized  as  resulting  in  the  formation  of 
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aluminum-hydroxy  interlayered  montmorillonite  or  vermiculite. 

Synthesis  of  Intergrade  Minerals 

A  great  deal  of  work  has  been  done  on  the  synthesis  of  inter¬ 
grade  minerals  and  the  nature  and  mechanism  of  interlayer  formation. 

As  early  as  1949  Caillire  and  Henin  (1949)  worked  on  the  experimental 
formation  of  chlorite  from  montmorillonite.  In  1960  Sawhney  (1960) 
produced  stable  aluminum  interlayers  in  pure  montmorillonite  and 
vermiculite.  The  interlayers  produced  stable  14A  spacings  in  X-ray 
dif f ractograms  and  reduced  the  cation  exchange  capacity  of  the 
montmorillonite  and  vermiculite.  Sawhney  produced  the  interlayers 
by  washing  montmorillonite  and  vermiculite  samples  with  AlCl^  solution 
adjusted  to  pH  5  with  NaOH.  In  1960  Slaughter  and  Milne  were  also 
successful  in  producing  chlorite-like  complexes  of  montmorillonite 
with  magnesium  hydroxide  and  aluminum  hydroxide.  The  complexes 
could  be  formed  either  by  precipitating  the  magnesium  or  aluminum 
hydroxide  in  a  clay  suspension  or  by  preparing  the  precipitate 
separately  and  mixing  it  immediately  with  the  clay  suspension. 

Youell  (1960)  worked  on  an  electrolytic  method  for  producing  chlorite¬ 
like  substances  from  montmorillonite  and  found  that  it  was  possible 
to  obtain  preparations  with  up  to  five  brucite  layers  between  the 
montmorillonite  sheets. 

Many  other  investigators  (Rich,  1960;  Shen  and  Rich,  1962; 

Rich  and  Obenshain,  1955;  Carstea  and  Harward,  1963)  have  prepared 
synthetic  aluminum  or  magnesium  interlayers  in  standard  clay  minerals. 
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Invariably  the  methods  employed  have  been  titration  procedures  wherein 
3+ 

A1  ion  and  a  source  of  hydroxyl  ions  were  simultaneously  added  to  a 
clay  suspension,  or  by  the  titration  of  an  aluminum  saturated  clay 
with  an  appropriate  base  such  as  sodium  hydroxide  or  calcium  hydroxide. 
Aluminum  interlayers  have  also  been  produced  by  drying  A1 -saturated 
clay  (Rich  and  Obenshain,  1955;  Coleman  et  al,  1960;  Carstea,  1965). 
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Summary 

The  occurrence  of  intergradient  2:1  -  2:2  layer  silicates  in 
soil  clays  has  been  recognized  for  at  least  15  years.  These  inter¬ 
grade  minerals  exhibit  properties  which  are  intermediate  between  those 
of  true  chlorite  on  one  extreme  and  true  montmorillonite  or  vermiculite 
on  the  other.  The  intergradient  properties  of  such  clays  have  made 
qualitative  identification  difficult  and  as  a  result  a  variety  of 
names  have  been  used  to  describe  them.  However  whether  or  not  the 
minerals  are  called  "intergradient  chlorite-vermiculite",  or  "2:1  - 
2:2  intergrade"  they  all  evidently  belong  to  the  same  class  of  mineral. 

Intergrade  minerals  can  form  in  either  acid  or  alkaline  soils. 

A  number  of  theories  have  been  proposed  to  explain  their  formation. 

The  most  widely  accepted  theory  involves  the  depletion  of  the  potassium 
interlayer  of  mica  during  the  course  of  chemical  weathering.  The  loss 
of  potassium  results  in  the  cleavage  of  mica  crystals.  Such  cleavage 
and  expansion  of  the  mica  sheets  results  in  a  heterogeneous  population 
of  potassium  interlayers  associated  with  cation-water  interlayers. 

Another  theory  for  the  formation  of  intergrades  visualizes  chlor¬ 
ite  weathering  to  2:2  and  2:1  intergrades  through  the  acid  removal  of 
iron  and  hydroxyl  groups  from  the  brucite  layer.  The  formation  of 
swelling  2:1  -  2:2  intergrades  is  thought  to  result  from  the  precipita¬ 
tion  of  aluminum  hydroxide  which  becomes  attached  to  only  one  inter¬ 
layer  surface  of  montmorillonite.  The  result  is  an  intergrade 
mineral  that  exhibits  swelling  properties. 

The  most  common  interlayer  cation  responsible  for  the  formation 
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of  intergrades  is  aluminum.  As  a  result  a  great  deal  of  work  has 
been  done  on  the  extent  of  interlayer  filling  by  nonexchangeable 
aluminum,  the  degree  of  hydroxylation  of  the  aluminum  present,  and 
the  degree  of  polymerization  if  hydroxy  forms  of  aluminum  are  present. 

The  effect  of  clay  minerals  on  the  hydrolysis  and  polymeriza¬ 
tion  of  aluminum  ions  in  solution  has  also  been  studied.  Synthetic 
intergrade  minerals  have  been  prepared  by  various  laboratory  methods . 
Most  of  these  methods  involved  either  the  addition  of  freshly  prepared 
aluminum  hydroxide  to  clay  suspensions,  or  the  titration  of  aluminum- 
saturated  clay  suspensions  with  various  hydroxides. 

The  effect  of  pH  on  the  hydrolysis  and  polymerization  of  alumi¬ 
num  ion  has  been  demonstrated.  It  has  been  recognized  that  hydrogen 
ions  readily  attack  clay  minerals  with  the  release  of  octahedral 
and  tetrahedral  cations  (A1J  and  Mg  )  associated  with  the  clay 
crystal  structure,  and  that  a  hydrogen-saturated  clay  will  spontan¬ 
eously  change  into  a  hydrogen-aluminum  saturated  clay,  the  aluminum 
being  displaced  from  the  clay  crystal  structure  by  the  adsorbed 
hydrogen.  Exchangeable  cations  associated  with  clay  minerals  often 
undergo  hydrolysis,  with  the  exchangeable  cation  being  replaced  by 
hydrogen  ions.  Thus  it  is  possible  that  hydrolysis  of  exchangeable 
cations  could  result  in  the  formation  of  clay  minerals  with  the 
exchange  sites  partially  saturated  with  aluminum. 
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III.  MATERIALS  AND  METHODS 

+  2+ 

Part  I:  Effect  of  Exchangeable  Cations  Na  and  Mg  on  Hydrolysis 
of  Homionic  Montmorillonite ,  Illite  and  Hectorite. 

Clay  Mineral  Standards:  Standard  clay  minerals  were  used  in  all 
experimental  work.  The  minerals  were  obtained  from  Wards'  Natural 
Science  Establishment,  Inc.  Rochester  3,  New  York.  The  clay  minerals 
used  were  Arizona  montmorillonite,  American  Petroleum  Institute 
standard  number  23;  Fithian  illite,  A.P.I.  standard  number  35;  and 
hectorite,  A.P.I.  standard  number  34. 

Clay  Fractionation;  After  being  immersed  for  24  hours  in  distilled 
water,  the  clays  were  dispersed  by  vigorous  stirring  followed  by 
sodium  saturation.  Sodium  saturation  was  accomplished  by  washing 
three  times  with  1  N  sodium  chloride  solution.  After  saturation 
excess  sodium  chloride  was  removed  by  repeated  washing  with  distilled 
water.  Clays  were  removed  from  suspension  with  the  aid  of  a  "Sorvall" 
Superspeed  refrigerated  centrifuge  maintained  at  a  temperature  of 
25°C.  The  treatment  was  repeated  until  the  silver  nitrate  test  for 
the  presence  of  chloride  ion  in  the  supernatant  was  negative. 

After  sodium  saturation  the  clay  fraction  less  than  2 in  size 
was  separated  by  standard  sedimentation  techniques  (Jackson,  e_t  al , 
1949).  Suspensions  containing  the  <2  /q  clay  fractions  were  centrifuged 
in  order  to  concentrate  the  clay  material.  The  resulting  clay  slurries 
were  then  freeze-dried  with  the  aid  of  a  "Thermovac"  freeze  dryer.  The 
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clay  slurries  were  frozen  prior  to  drying  in  a  dry-ice -acetone  mixture. 

Preparation  of  Homionic  Clays  with  Different  Cation  Saturations; 

Four  0.5  gram  samples  of  each  of  montmorillonite ,  illite  and  hectorite 
were  weighed  out  and  duplicate  samples  of  each  clay  were  saturated 
with  sodium.  A  second  set  of  duplicates  of  each  clay  was  saturated 
with  magnesium. 

The  cation  saturations  were  performed  in  the  following  manner: 
Samples  consisting  of  0,5  gram  of  clay  were  placed  in  50  ml  polyethy¬ 
lene  centrifuge  tubes.  Aliquots  (35  ml)  of  the  1  N  chloride  salt  of 
sodium  and  magnesium,  respectively,  were  added  to  the  tubes  and  the 
contents  thoroughly  agitated.  The  samples  were  centrifuged  and  the 
clear  supernatant  decanted.  The  procedure  was  repeated  5  times. 

Excess  chloride  salt  remaining  after  the  final  salt  washing  was 
removed  with  distilled  water  as  previously  outlined. 

Experimental  Procedure:  Following  cation  saturation  each  clay  sample 
was  transferred  to  a  125  cc  polyethylene  bottle  which  contained 
35  ml  of  glass -distilled  water.  The  samples  were  dispersed  by 
shaking  for  several  minutes  on  a  "Burrell"  wrist-action  shaker. 
Immediately  after  dispersion  the  pH  of  each  sample  was  measured. 

After  obtaining  the  pH  a  20  ml  sample  was  removed  from  each  suspension. 
The  samples  were  transferred  to  polyethylene  centrifuge  tubes  and 
centrifuged  at  15,500  r.p.m.  for  a  period  of  30  minutes.  Centrifuga¬ 
tion  resulted  in  complete  removal  of  clay  from  suspension.  A  15  ml 
aliquot  of  each  supernatant  was  transferred  to  50  ml  volumetric 
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flasks  and  made  up  to  volume.  The  resulting  diluted  extracts  were 
transferred  to  polyethylene  bottles  and  stored  for  cation  analysis. 
Clay  sediment  remaining  in  the  centrifuge  tubes  after  the  extraction 
was  redispersed  in  5  ml  of  distilled  water  and  then  returned  to  the 
appropriate  polyethylene  bottle.  The  total  volume  of  suspension  in 
the  polyethylene  bottles  was  readjusted  to  35  ml  by  the  addition  of 
distilled  water . 

After  the  initial  extraction  and  pH  reading  a  set  of  duplicates 
of  each  of  the  homionic  clay  suspensions  was  placed  in  each  of  two 
water  baths.  One  bath  was  maintained  at  80°C  and  the  second  at 
40°C .  Each  of  the  sample  bottles  was  firmly  capped  and  the  water 
baths  were  covered.  The  clay  samples  were  allowed  to  equilibrate 
in  the  water  baths  for  periods  of  time  ranging  from  one  or  two  days, 
to  as  long  as  one  week.  At  selected  intervals  throughout  the  duration 
of  the  experiment  samples  were  removed  from  the  water  baths  and  pH 
readings  were  taken.  In  addition  to  pH  readings,  regular  extractions 
were  performed  in  the  manner  described  previously. 

The  samples  in  the  80°C  bath  were  equilibrated  for  a  period  of 
78  days,  while  the  samples  in  the  40°C  bath  were  equilibrated  for  a 
total  of  70  days.  After  digestion  was  discontinued  all  samples  were 
transferred  to  50  ml  polyethylene  centrifuge  tubes  and  centrifuged 
Aliquots  of  each  of  the  clear  supernatants  were  retained  for  analysis 
and  the  wet  clay  sediments  were  freeze  dried.  Samples  of  each  clay 
were  subjected  to  X-ray  and  differential  thermal  analysis  (D.T.A.). 
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Part  II:  Effect  of  Exchangeable  Cations  Na+,  Li+,  Mg^+  and  Ca^+ 
on  Hydrolysis  of  Homionic  Arizona  Montmor illonite . 

Clay  Mineral  Standards;  Only  one  clay  mineral  was  used  for  this  part 
of  the  experiment;  Arizona  montmor il Ionite ,  A.P.I,  standard  No.  23. 
The  <^2  4^  fraction  was  obtained  according  to  the  technique  described 
for  the  isolation  and  drying  of  the  <2 u.  fraction  of  the  clay  minerals 
used  in  Part  I. 

Cation  Saturation:  A  total  of  four  subsamples,  each  consisting  of 
6.0  grams  of  montmorillonite  were  weighed  for  cation  saturation. 

Each  subsample  was  made  homionic  with  Na+,  Li+,  Mg^"1",  and  Ca^+ 
respectively.  Cation  saturation  was  carried  out  by  washing  the 
subsamples  with  the  1  N  chloride  salt  of  the  appropriate  cation 
according  to  the  procedure  described  in  Part  I.  After  cation 
saturation  each  of  the  samples  was  freeze -dr ied ,  and  then  further 
sub-divided  into  1.0  gram  samples.  Each  of  the  1  gram  samples  was 
then  transferred  to  a  125cc  polyethylene  bottle  which  contained 
35  ml  of  distilled  water.  The  samples  were  then  thoroughly  dispersed 
by  shaking  for  several  minutes.  Immediately  after  dispersion  the  pH 
of  each  sample  was  taken,  and  in  addition  a  20  ml  aliquot  of  the 
suspension  was  removed  from  each  bottle,  centrifuged  and  the  clear 
supernatant  saved  for  cation  analysis.  Any  sedimented  clay  remaining 
in  the  centrifuge  tubes  was  removed  and  returned  to  the  appropriate 
polyethylene  bottle.  The  total  volume  of  all  suspensions  was  then 
readjusted  to  35  ml  with  distilled  water.  This  was  the  only 


I  /  . 


24 


extraction  performed  on  these  samples  during  the  course  of  the  ex¬ 
periment.  Immediately  after  the  extraction  the  duplicate  35  ml 
cation-clay  suspensions  were  placed  in  ovens  at  80°C  and  40°C  re¬ 
spectively.  The  pH  of  these  suspensions  was  measured  at  3  to  4 
day  intervals.  In  addition  samples  consisting  of  approximately 
0.5  ml  of  suspension  were  removed  from  one  of  each  set  of  duplicates 
for  the  purpose  of  X-ray  analysis.  These  samples  were  generally 
removed  at  intervals  of  several  days .  The  experiment  was  terminated 
after  70  days.  At  the  end  of  the  experiment  clay  samples  were  sub¬ 
jected  to  D.T.A.,  X-ray  and  infra-red  analysis.  Cation-exchange 
capacities  were  also  determined. 

-2 

Part  III.  Effect  of  Anions  SO^  and  Cl  on  Hydrolysis  of  Homionic 
Arizona  Montmorillonite . 

Clay  Mineral  Standards:  Previously  prepared  Arizona  montmorillonite 
obtained  from  Part  I  was  used  in  this  experiment  (  -<2 ^ fraction) . 

Cation  Saturation:  Homionic  clay  was  prepared  with  four  different 
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cation  saturations  .  These  were  Na  ,  Li  ,  Mg  and  Ca  .  The  method 
of  preparation  has  been  described  in  a  previous  section  (Part  II). 
Solutions  of  1  N  and  0.05  N  sodium  sulphate,  lithium  sulphate, 
magnesium  sulphate,  sodium  chloride,  lithium  chloride,  magnesium 
chloride  and  calcium  chloride  were  prepared.  Solutions  of  0,028  n 
and  0.0014  N  calcium  sulphate  were  also  prepared.  Two  sets  of 
duplicate  0.5  gram  samples  of  each  of  the  homionic  clays  were  weighed 
and  placed  in  125  cc  polyethylene  bottles.  Salt  solutions  (35  ml  of 
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each)  were  then  added  to  the  clay  samples  to  give  two  sets  of  dup¬ 
licates  containing  the  1  N  salt  (0.028  N  for  calcium  sulphate)  and 
two  sets  of  duplicates  containing  the  0.05  N  salt  (0.0014  N  for 
calcium  sulphate).  The  suspensions  were  maintained  homionic  with 
respect  to  the  cation  species  present. 

The  pH  of  suspensions  was  measured  immediately  after  their 
preparation.  One  set  of  duplicates  was  then  placed  in  an  oven 
maintained  at  80°C  and  the  second  set  was  placed  in  an  oven  maintained 
at  40°C .  The  samples  were  removed  at  regular  intervals  of  several 
days  and  pH  readings  were  conducted  for  the  duration  of  the  experiment. 
At  the  end  of  the  experiment  excess  salt  was  removed  by  centrifugation 
and  washing  and  the  salt-free  clay  samples  were  subjected  to  X-ray 
D.T.A.  and  infra-red  analysis.  Cation-exchange  capacities  were  also 
determined . 

General  Methods  of  Analysis: 

pH  Determinations:  All  pH  determinations  were  performed  using  a 
Beckman  model  76  expanded  scale  pH  meter  and  a  Beckman  combination 
electrode  number  39183.  The  latter  is  a  probe-type  electrode  with  a 
small  (10  mm)  diameter  body  which  permits  measurements  of  samples 
in  test  tubes  and  narrow-necked  bottles.  The  electrode  has  a  silver- 
silver  chloride  internal  element  surrounded  by  an  electrolyte  of  4  M 
potassium  chloride  solution  saturated  with  silver  chloride.  This 
solution  contacts  the  internal  element  to  form  a  conductive  bridge 
between  it  and  the  liquid  junction.  A  linen  fiber  imbedded  in  the 
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immersion  tip  creates  a  liquid  junction  to  establish  electrical 
communication  with  the  sample. 

In  order  to  take  the  pH  of  the  clay  suspensions,  the  samples 
were  removed  from  their  respective  water  baths  or  ovens  and  allowed 
to  cool  to  room  temperature.  The  combination  electrode  was  then 
inserted  into  the  mouth  of  the  polyethylene  bottles  and  immersed 
several  centimeters  into  the  suspension.  A  teflon  stirring  bar  was 
added  and  the  pH  was  taken  over  a  five  minute  period  during  which 
time  the  suspension  was  constantly  stirred.  It  was  found  that  the 
five  minute  time  period  was  generally  sufficient  to  allow  the  meter 
needle  to  stabalize  at  a  constant  pH  reading.  The  samples  were 
returned  to  their  appropriate  oven  or  bath  immediately  after  pH 
readings  had  been  taken. 

X-ray  Diffraction  Technique 

X-ray  Equipment;  X-ray  diffraction  patterns  were  obtained  by  means 
of  a  Phillips  X-ray  Diffractometer  equipped  with  a  proportional 
detector  probe  and  a  Phillips  recorder.  Nickel-filtered  CuKo^radiation 
generated  at  40  kilovolts  and  20  milliamperes  was  used.  A  system  of 
divergent  and  scatter  slits,  both  with  1°  angular  aperature  and  a 
0.1  mm  receiving  slit  were  used  with  a  scanning  speed  of  1  degree 
20  per  minute.  Chart  speed  was  maintained  at  1  cm  per  minute.  The 
patterns  were  run  from  2  degrees  20  to  30  degrees  20  unless  otherwise 
specified.  The  ratemeter  and  time  constant  settings  were  maintained  at 
200  counts  per  second  and  8  respectively  unless  conditions  required 
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changing  these  settings . 

Preparation  of  X-ray  Slides 

(1)  Magnesium  Saturation  and  Ethylene  Glycol  Solvation:  Parallel 
orientation  glass  slides  were  prepared  for  all  X-ray  analysis  using 
pre-cleaned  petrographic  microslides  obtained  from  Ward's  Natural 
Science  Establishment,  Inc.,  Rochester  3,  New  York.  Two  slides 
were  run  for  each  clay  sample. 

The  slides  were  prepared  in  the  following  manner:  Two  sub¬ 
samples  of  about  0.1  gram  each  of  the  clay  samples  were  transferred 
to  30  ml  centrifuge  tubes.  One  of  each  of  two  subsamples  was  saturated 
with  magnesium  by  two  washings  with  35  ml  of  1  N  magnesium  chloride. 
After  the  second  washing  excess  magnesium  chloride  was  removed  by 
washing  with  distilled  water.  The  salt-free  clay  was  then  redispersed 
in  a  small  quantity  of  distilled  water  and  approximately  1  ml  of  the 
suspension  was  transferred  by  pipette  to  a  clean  microslide.  The 
suspensions  on  the  slides  were  air  dried  at  room  temperature  for  a 
period  of  24  hours  and  were  then  analyzed  by  X-ray  diffraction. 
Following  X-ray  analysis  of  the  Mg-saturated  clay,  the  slides  were 
solvated  with  ethylene  glycol.  To  solvate,  the  slides  were  placed 
on  a  wire  mesh  screen  suspended  over  ethylene  glycol.  Both  the  wire 
mesh  screen  and  the.  glycol  were  contained  in  a  large  glass  dish  which 
was  sealed  with  a  glass  lid.  This  container  was  placed  in  an  overn 
and  maintained  at  60  degrees  centigrade  for  a  period  of  48  hours . 

This  was  considered  sufficient  time  to  allow  the  Mg-saturated  clays 
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to  equilibrate  with  the  ethylene  glycol  saturated  atmosphere  within 
the  container.  Diffraction  patterns  were  run  immediately  after  the 
48  hour  equilibration  period. 

(2)  Potassium  Saturation  and  Heat  Treatment:  The  second  of  each  of 
two  subsamples  was  potassium  saturated  by  washing  two  times  with  1  N 
potassium  chloride.  This  was  followed  by  washing  with  water  to  remove 
excess  potassium  chloride.  The  K-saturated  slide  was  prepared  in  the 
same  manner  used  for  the  Mg-saturated  slide.  The  K-saturated  slides 
were  irradiated  at  25°C  and  then  successively  heated  in  an  oven  to 
150°C,  300°C,  and  550°C  for  a  period  of  2  hours  for  each  heat  treat¬ 
ment.  X-ray  diffraction  analysis  were  recorded  after  each  heating 
period.  In  addition  a  number  of  K-saturated  slides  were  glycolated 
in  the  manner  described  previously  for  the  Mg-saturated  slides  and 
subjected  to  X-ray  analysis. 

Differential  Thermal  Analysis  (D.T.A.):  Subsamples  of  each  of  the 
clays  from  Parts  I,  II  and  III  were  set  aside  for  differential  thermal 
analysis.  An  Aminco  Thermal  Analyzer  model  4-4442  was  used  for  the 
analysis.  All  clay  samples  were  dried  by  freeze-drying  prior  to  D.T.A. 
Only  small  quantities  of  clay  were  available  for  analysis  from  Part  I. 
This  resulted  in  the  necessity  of  mixing  calcined  -alumina  with 
samples  before  conducting  analysis.  The  clay  samples  were  thus  mixed 
thoroughly  with  approximately  607>  ^-alumina  and  then  packed  firmly 
into  the  sample  holder. 

Sufficient  clay  sample  was  available  from  Part  II  and  III  to 
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make  mixing  with  ^-alumina  unnecessary,  and  analysis  were  thus  run 
using  pure  clay  samples.  All  samples  were  firmly  packed  into  the 
sample  holder  and  pure  ^-alumina  was  used  as  a  reference  material. 
Samples  were  heated  at  a  constant  rate  of  16°C  per  minute.  Thermo¬ 
couple  sensitivity  was  generally  maintained  at  a  setting  of  0.5°C  per 
inch  differential,  although  some  samples  with  weak  endotherms  or 
exotherms  necessitated  changing  this  setting  to  0.2°C  per  inch 
differential.  This  was  usually  the  case  when  only  small  amounts  of 
clay  were  available  for  analysis.  The  recorder  settings  were  main¬ 
tained  at  1  mv  per  division  for  the  y  axis  and  4  mv  per  division 
for  the  x  axis,  however  once  again  small  amounts  of  clay  sample 
sometimes  necessitated  changing  the  y  axis  setting  to  0.5  mv  per 
divis ion . 

Infra-red  Analysis;  Clay  samples  from  Part  II  and  III  were  subjected 
to  infra-red  analysis.  The  analysis  were  performed  by  mixing  3 
milligrams  of  clay  sample  with  1  gram  of  KBr  and  pressing  into  a 
disc  0.95  mm  thick.  The  analysis  was  performed  using  a  Perkin- 
Elmer  Model  221-1600  infra-red  spectrophotometer  with  a  prism-grating 
interchange  . 

Cation  Exchange  Capacity  Determination:  Cation  exchange  capacities 
were  determined  in  the  following  manner:  00.1  gram  of  clay  was 
weighed  out  and  transferred  to  a  50  ml  polyethylene  centrifuge  tube. 
35  ml  of  1  N  potassium  chloride  was  added  to  the  tube.  The  contents 
were  then  thoroughly  mixed  and  allowed  to  stand  for  2  hours.  The 
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sample  was  then  centrifuged  at  15,500  r.p.m.  using  the  "Sorvall" 
Superspeed  centrifuge.  An  aliquot  of  the  clay  free  supernatant 
was  then  removed,  transferred  to  a  volumetric  flask  and  made  up  to 
volume.  The  diluted  extract  was  then  analyzed  for  Na+,  Mg3"*",  Ca3+ 

Li"*"  and  Al^+.  Cation  exchange  capacities  were  determined  by  summing 
the  mill iequivalents  of  each  of  the  cations  reported  above. 

Cation  Analysis:  Cation  analysis  of  clay  extracts  were  conducted 

using  a  Perkin-Elmer  Model  303  Atomic  Absorption  Spectrophotometer. 

4-  2+  34- 

Clay  extracts  from  Part  I  were  analyzed  for  Na  ,  Mg  ,  and  A1  . 

4_  i  O-)-  ?4- 

Clay  extracts  from  Part  II  were  analyzed  for  Na  ,  Li  ,  Mg  ,  Ca  , 
and  Al3+. 
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Results  and  Discussion 


Suspension  pH  Curves 

Part  I;  Hydrolysis  of  Homionic  Montmor illonite ,  Illite  and  Hectorite. 

Suspensions  of  Na-saturated  and  Mg-saturated  montmor il Ionite , 
illite  and  hectorite  were  placed  in  125  cc  polyethylene  bottles. 

The  suspension  volume  of  each  sample  was  35  ml  and  each  suspension 
contained  0.5  gram  of  homionic  clay.  A  set  of  duplicates  of  each  of 
the  homionic  clay  suspensions  was  placed  in  each  of  two  water  baths. 

One  bath  was  maintained  at  80°C  and  the  second  at  40°C  .  Each  of  the 
sample  bottles  was  firmly  capped  and  the  water  baths  were  covered. 

The  clay  samples  were  allowed  to  age  for  periods  of  time  ranging 
from  one  or  two  days,  to  as  long  as  one  week.  At  selected  intervals 
throughout  the  duration  of  the  experiment  the  samples  were  removed 
from  the  water  baths  and  pH  readings  were  taken.  In  addition,  aliquots 
(20  ml)  of  the  supernatant  from  each  suspension  were  taken  periodically 
and  subjected  to  cation  analysis  for  Na+,  Al^+  and  Mg^+.  The  results 
of  these  analysis  are  reported  below. 

A.  Suspension  pH  Curves 

Figure  1  shows  the  variation  of  suspension  pH  with  time  for 
homionic  suspensions  of  Na  and  Mg-saturated  montmorillonite ,  illite 
and  hectorite  aged  at  80°  Centigrade.  The  pH  curves  have  been  divided 
into  8  sections  in  order  to  simplify  discussion. 
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All  of  the  suspensions  were  initially  alkaline.  The  hectorite 
samples  were  invariably  the  most  alkaline,  giving  pH  values  of  9.4 
and  9.5  for  Na-hectorite  and  Mg-hectorite  respectively.  Na-illite 
samples  also  tended  to  have  a  highly  alkaline  initial  pH  of  9.0. 
Na-montmor illonite  samples  and  Mg-montmor illonite  samples  showed 
moderately  alkaline  initial  pH  readings  in  the  region  of  pH  8.2 
to  8.6.  Mg-illite  samples  had  only  mildly  alkaline  initial  pH 
readings  of  7.5  to  7.8.  Immediately  upon  aging  all  suspensions 
showed  a  steady  and  fairly  rapid  decrease  in  pH.  This  decrease  was 
of  similar  rate  and  magnitude  for  all  suspensions,  and  is  illustrated 
in  section  1  of  the  pH  curves. 

Section  2  of  the  curves  showed  a  small  increase  in  suspension 
pH  for  all  samples  except  Na-montmor illonite  which  exhibited  a  large 
increase  in  pH  followed  immediately  by  a  decrease  of  similar  magnitude. 
Section  3  consisted  essentially  of  a  buffer  region.  This  was  es¬ 
pecially  true  for  the  Na-montmorillonite ,  Na-illite  and  Na-hectorite 
samples,  as  well  as  the  Mg-hectorite  sample.  Mg -montmoril Ionite  and 
Mg-illite  samples  showed  a  similar  buffer  region,  but  in  the  case  of 
these  samples  the  buffering  effect  started  in  section  2  and  extended 
only  half-way  through  section  3  before  the  pH  again  started  to 
decrease.  In  section  4  all  samples  showed  a  decrease  in  pH.  The 
rate  of  this  decrease  was  essentially  the  same  for  all  samples  except 
Mg-hectorite  which  showed  a  slightly  slower  rate  of  decrease  relative 
to  the  other  samples.  By  comparing  the  slopes  of  the  curves  for  these 
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samples  it  is  evident  that  the  rate  of  decrease  in  pH  for  Na-mont- 
morillonite  and  Na-illite  suspensions  in  section  4  was  less  rapid 
than  for  that  shown  in  section  1.  The  rate  of  decrease  in  pH  of 
Mg-montmor illonite  and  Mg-illite  samples  was  approximately  the  same 
in  section  4  and  section  1. 

In  section  5  the  rate  of  change  in  suspension  pH  of  Mg-mont- 
morillonite  and  Mg-illite  suddenly  decreased  and  the  curves  tended 
to  flatten  out  giving  a  buffer  region  which  extended  for  approximately 
10  days.  Na-montmor illonite  and  Na-illite  samples  showed  a  similar, 
but  much  smaller  effect,  while  Na-hectorite  showed  essentially  no 
change.  Mg-hectorite  showed  a  slight  increase  in  rate  of  change  of 
pH. 

In  section  6  the  pH  of  Mg-montmorillonite  and  Mg-illite  sus¬ 
pensions  once  again  declined,  although  at  a  slightly  reduced  rate 
relative  to  that  shown  in  section  4.  Na-montmor illonite  and  Na-illite 
samples  also  showed  a  continuous  fall  in  pH,  but  in  this  case  the 
rate  was  greater  than  that  shown  in  section  4.  One  of  the  Na-illite 
samples  in  particular  showed  an  extremely  high  rate  of  decrease  in 
pH  extending  over  1.5  pH  units.  Mg-hectorite  showed  a  similar  behavior, 
the  pH  of  this  sample  dropped  1.4  pH  units;  the  Na-hectorite  sample 
remained  unchanged. 

Section  7  of  the  pH  curves  showed  a  relatively  rapid  increase 
in  pH  for  all  samples  except  Na-hectorite  and  Mg-hectorite  which 
continued  to  decrease,  but  at  a  reduced  rate.  In  section  8  all 
samples  showed  a  decreased  rate  of  change  of  pH  and  tended  to  approach 
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a  buffer  region. 

Figure  2  shows  the  variation  of  suspension  pH  with  time  for 
homionic  suspensions  of  Na  and  Mg-saturated  montmorillonite ,  illite 
and  hector iate  aged  at  40°  Centigrade.  All  of  the  suspensions  were 
initially  alkaline,  the  magnitude  of  the  pH  of  each  sample  being 
essentially  the  same  as  that  shown  by  the  analog  aged  at  80°C .  The 
pH  of  all  samples  decreased  fairly  rapidly  during  the  first  10  days 
of  aging.  Na-montmor illonite  and  Na-illite  samples  showed  changes 
in  suspension  pH,  amounting  to  approximately  1  pH  unit.  pH  changes 
for  Mg-montmorillonite  and  Mg-illite  samples  amounted  to  approximate¬ 
ly  0.5  pH  unit,  and  Na  and  Mg-hectorite  samples  showed  decreases  of 
approximately  1  pH  unit.  Further  aging  of  all  samples  resulted  in 
only  minor  changes  in  suspension  pH.  After  70  days  of  aging  Na  and 
Mg-montmorillonite  and  Na  and  Mg-illite  suspensions  all  showed  pH 
values  in  the  range  6.8  to  7.2  Mg-hectorite  samples  had  suspension 
pH  values  of  8.6  -  8.7  and  Na-hectorite  samples  had  a  suspension  pH 
of  7.8. 

B.  Cation  Analysis 

Samples  of  the  clay  suspensions  from  Part  I  were  removed 

at  intervals,  centrifuged  and  the  clear  supernatant  analyzed  for 
“|“  3  ”4“  9  | 

Na  ,  A1  and  Mg  .  Sedimented  clay  remaining  in  the  centrifuge 
tubes  was  returned  to  the  appropriate  sample  container  and  the  suspen¬ 
sion  volumes  were  readjusted  to  35  ml  with  distilled  water. 

The  results  of  the  cation  analysis  are  shown  in  tables  1  to 
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4.  Analysis  of  the  supernatant  of  duplicate  clay  samples  varied  to 

a  small  extent,  however  the  general  trend  with  aging  was  the  same 

for  each  duplicate,  consequently  only  the  analysis  from  one  of  each 

set  of  duplicates  is  shown.  The  results  in  tables  1  and  2  show  that 

suspensions  of  Na-saturated  montmorillonite  and  illite  initially 

3+ 

contained  a  high  concentration  of  soluble  A1  .  It  was  assumed  that 
the  presence  of  Al^+  resulted  from  hydrolysis  of  the  Na-clays  during 
water  washing  to  remove  excess  chloride  salts.  Analysis  of  the 
supernatants  of  these  suspensions  after  4  days  of  aging  showed 

o  _i_ 

a  marked  reduction  in  the  concentration  of  soluble  A1  .  This  was 
probably  primarily  a  result  of  the  dilution  effect  produced  each 
time  the  supernatants  were  analyzed.  In  view  of  this  fact  it  is 
interesting  to  note  that  subsequent  analyses  tended  to  show  periods 
in  which  the  Al^-1"  concentration  remained  constant.  These  results 
indicate  that  further  solubilization  of  A1  occurred  during  the  inter¬ 
vening  aging  periods.  After  43  days  of  aging  it  was  impossible  to 
detect  any  soluble  A1  in  suspensions  of  Na-montmor illonite  and 
Na-illite  aged  at  80°C .  Suspensions  of  these  clays  aged  at  40°C 
showed  a  similar  behavior.  Analysis  for  Na+  showed  that  the  con¬ 
centration  of  this  cation  tended  to  remain  at  a  fairly  constant  level 
throughout  the  aging  period,  regardless  of  the  temperature  of  aging. 
This  consistent  rate  of  release  of  adsorbed  Na+  from  the  clay  mineral 
suggests  an  equilibrium  condition  between  soluble  and  adsorbed  Na+. 

Na-hectorite  samples  aged  at  80°C  (table  1)  showed  a  constant 

O  I 

concentration  of  soluble  Mg^  for  the  first  43  days  of  aging.  Further 
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T=Trace  T=Trace 

/=Not  detected  /=Not  detected 

Table  1. -Cation  analysis  of  supernatant  of  Na-clay  Table  2. -Cation  analysis  of  supgrnatant  of  Na-clay 

suspensions  aged  at  80  C.  suspensions  aged  at  40  C. 
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/ =Not  detected  /=Not  detected 

Table  3. -Cation  analysis  of  supgrnatant  of  Mg-clay  Table  4. -Cation  analysis  of  supernatant  of  Mg-clay 

suspensions  aged  at  80  C.  suspensions  aged  at  40  C. 
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aging  resulted  in  a  sharp  increase.  These  results  indicate  an  initial 

steady  rate  of  breakdown  of  the  hectorite  lattice  which  is  consider- 

2+ 

ably  enhanced  with  further  aging.  The  concentration  of  soluble  Mg 
in  suspensions  of  Na-hectorite  aged  at  40°C  (table  2)  showed  little 
change  during  the  entire  aging  period. 

Tables  3  and  4  show  the  results  of  cation  analysis  conducted 
on  the  supernatant  of  suspensions  of  Mg-saturated  clays.  No  soluble 
Al3+  was  detected  in  any  of  these  suspensions.  Soluble  Na+  was 
detected  in  small  amounts,  being  present  as  a  contaminant.  Aging 
the  Mg-clays  at  80°C  resulted  in  an  increase  in  the  concentration 
of  soluble  Mg3+.  This  behavior  was  shown  by  all  three  clay  minerals, 
the  effect  being  slightly  greater  for  Mg-hectorite  samples.  The  con¬ 
centration  of  soluble  cations  in  the  supernatant  of  clay  suspensions 
aged  at  40°C  (table  4)  tended  to  remain  constant  over  the  entire 
aging  period. 

Part  II:  Effect  of  Saturating  Cation  on  Hydrolysis  of  Homionic 
Arizona  Montmorillonite  Suspensions. 

Suspensions  of  Arizona  montmorillonite  homionic  with  respect 
to  each  of  Na+,  Li+,  Ca3+  and  Mg3+  were  placed  in  125  cc  polyethy¬ 
lene  bottles.  The  suspension  volume  of  each  sample  was  35  ml  and 
each  suspension  contained  1  gram  of  homionic  clay.  The  sample 
bottles  were  firmly  capped  and  a  set  of  duplicates  of  each  of  the 
homionic  clay  suspensions  was  placed  in  each  of  two  ovens  maintained 
at  80°C  and  40°C  respectively.  The  samples  were  aged  and  subjected 


.  ,  .  r.  J  :)1i  ”  l?B  •-i  ■  )  ' 

n  .•  c-B  J  !9  9  q  1  Jf  sJnut(R-5  j-  '  s  j  )»:' 


41 

to  periodic  pH  determinations  according  to  the  procedure  used  in 
Part  I.  In  addition  to  pH  readings,  the  supernatant  of  each  clay 

I  I  0_L  0_L  Q_l_ 

suspension  was  analyzed  for  Na  ,  Li  ,  Ca  ,  Mg  and  A1  cations. 

These  analysis  were  conducted  immediately  prior  to  aging  and  once 
again  after  the  samples  had  aged  for  70  days. 

A.  Suspension  pH  Curves 

The  effect  of  the  saturating  cation  on  the  pH  of  suspensions 
of  homionic  Arizona  montmorillonite  aged  at  80°  Centigrade  is  shown 
in  figure  3.  Initially  all  suspensions  were  alkaline,  the  degree  of 
alkalinity  varying  according  to  the  saturating  cation  present.  Na 
and  Li  suspensions  showed  the  greatest  degree  of  alkalinity,  both 
samples  having  an  initial  pH  of  9.3.  Mg -montmorillonite  showed  the 
lowest  initial  pH,  8.2,  while  Ca-montmorillonite  occupied  an  inter¬ 
mediate  position  with  a  pH  of  8.8.  The  pH  of  Li,  Na  and  Mg -mont¬ 
morillonite  suspensions  decreased  immediately  after  preparation, 
and  continued  to  drop  for  the  first  3  days  of  aging.  At  this  point 
the  pH  of  Na  and  Li-mont.morillonite  suspensions  sharply  increased. 

The  increase  in  pH  for  Na-suspens ions  was  much  greater  than  that  for 
the  Li-suspens ions .  This  sudden  rise  in  pH  was  followed  by  an  equally 
rapid  drop  of  similar  magnitude,  after  which  the  rate  of  change  of 
suspension  pH  became  relatively  more  gradual.  Mg -montmorillonite 
suspension  exhibited  a  similar  but  less  pronounced  behavior.  These 
changes  in  pH  all  occurred  in  the  first  10  days  of  aging  of  the 
samples,  however  the  changes  occurred  several  days  sooner  for  the 


Figure  3. -Effect  of  saturating  cation  on  the  pH  of 
salt  free  suspensions  of  homionic  Arizona 
montmorillonite  aged  at  80  Centigrade. 


Figure  4. -Effect  of  saturating  cation  on  the  pH  of 
salt  free  suspensions  of  homionic  Arizona 
montmorillonite  aged  at  40  Centigrade. 
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Na  and  Li  samples  than  for  the  Mg  sample.  In  the  same  time  period 
the  Ca  sample  showed  only  a  slight  rise  in  pH.  During  the  next  35 
days  of  aging  both  Na  and  Li  samples  showed  a  consistent  drop  in 
suspension  pH  with  the  Li  sample  dropping  slightly  more  rapidly 
than  the  Na  sample.  During  this  aging  period  the  pH  of  the  Na- 
suspension  dropped  from  pH  8.8  to  pH  5.7.  This  was  the  minimum 
pH  achieved  by  the  Na-suspens ion ,  and  was  immediately  followed  by 
an  increase  in  pH  to  6.5.  The  rise  in  pH  occurred  over  a  period 
of  approximately  12  days,  and  once  pH  6.5  was  attained,  the  sus¬ 
pension  pH  tended  to  remain  constant  for  the  remainder  of  the  aging 
period . 

After  the  initial  10  days  of  aging  the  pH  of  the  Li-suspen- 
sion  continued  to  decrease  at  a  fairly  consistent  rate  for  the  next 
35  days.  At  the  end  of  this  period  the  sample  had  dropped  in  pH 

from  9.3  to  4.8.  After  achieving  a  pH  of  4.8  the  rate  of  decrease 

in  suspension  pH  became  more  gradual,  and  during  the  next  25  days 
of  aging  the  pH  dropped  from  4.8  to  4.2.  This  was  the  minimum 

pH  obtained  by  the  Li  sample  at  the  end  of  70  days  of  aging. 

The  pH  curve  for  the  Mg-montmor illonite  suspension  showed 
a  drop  in  pH  from  8.2  to  7.2  during  the  first  20  days  of  aging. 

The  rate  of  change  in  pH  during  this  period  was  slightly  less  rapid 
than  that  shown  by  Li  and  Na-montmorillonite  suspensions.  After 
20  days  of  aging  the  suspension  pH  suddenly  decreased  much  more 
rapidly,  dropping  from  7.2  to  5.2  in  10  days.  This  period  of  rapid 
change  was  followed  by  a  further  decrease  in  suspension  pH,  but 
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at  a  much  reduced  rate.  The  decrease  in  pH  continued  for  the  next 
40  days  resulting  in  a  minimum  pH  of  4.4  after  70  days  of  aging. 

Ca-montmorillonite  suspensions  showed  a  small  but  consistent 
rate  of  decrease  in  pH  during  the  first  30  days  of  aging.  The  chang 
in  pH  was  much  slower  than  that  shown  by  the  other  suspensions 
during  the  same  time  period.  However  at  the  end  of  30  days  the 
rate  of  change  of  pH  became  much  more  rapid  and  decreased  at  a  rate 
comparable  to  that  shown  by  the  other  suspensions.  The  minimum  pH 
attained  by  Ca-montmorillonite  suspensions  was  4.7  after  70  days 
of  aging. 

Figure  4  shows  the  effect  of  the  saturating  cation  on  the 
suspension  pH  of  homionic  Arizona  montmorillonite  samples  aged  at 
40°C .  These  samples  were  prepared  and  treated  in  exactly  the  same 
manner  used  for  the  samples  aged  at  80°C .  pH  readings  were  also 
taken  at  the  same  time  intervals.  Initially  all  suspensions  showed 
an  alkaline  reaction,  Li  and  Na  saturated  samples  being  the  most 
alkaline  with  pH  readings  of  9.2  and  8.6  respectively.  Ca  and  Mg- 
montmorillonite  samples  had  initial  pH  readings  of  8.5  and  8.1, 
respectively.  The  distribution  in  initial  pH  was  the  same  as  that 
obtained  for  the  samples  aged  at  80°C  .and  the  readings  were  of  the 
same  magnitude,  except  in  the  case  of  Na-samples  which  were  slightly 
less  alkaline.  Aging  the  samples  for  10  days  resulted  in  a  drop 
in  suspension  pH  which  varied  in  magnitude  according  to  cation 
saturation.  During  this  period  Li  samples  dropped  from  an  initial 
pH  of  9.2  to  a  pH  of  7.6.  Na  samples  dropped  from  pH  8.6  to  7.1 
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at  the  end  of  12  days  of  aging.  Ca  samples  showed  the  least  change 
in  pH,  dropping  from  8.5  to  8.1  in  the  first  15  days  and  then  in¬ 
creasing  slightly  to  8.3.  Mg  samples  dropped  from  pH  8.1  to  pH 
7.4  during  the  first  10  days  of  aging.  It  is  interesting  to  note 
that  all  of  the  samples  showed  a  rise  in  pH  after  the  initial  period 
of  aging.  This  behavior  is  most  obvious  for  the  Na  samples,  which 
after  dropping  to  pH  7.1  showed  an  increase  in  suspension  pH  to  7.7 
followed  by  a  decrease  to  7.1.  This  behavior  is  analogous  to  that 
previously  shown  by  the  Na-montmoril Ionite  sample  aged  at  80°C  except 
that  a  longer  period  of  time  was  required  for  the  change,  and  the 
change  was  of  lesser  magnitude.  The  li  sample  also  showed  a  small 
rise  in  pH  after  the  initial  decrease.  Ca  and  Mg  samples  exhibited 
similar  small  increases  in  pH  after  15  to  18  days  of  aging. 

After  35  days  of  aging  the  pH  of  each  sample  remained  constant 

for  the  duration  of  the  aging  period.  At  the  end  of  this  time  the 

2+ 

suspension  pH  of  the  samples  was  7.8,  7.5,  7.4  and  7.1  for  Ca  , 

Li  ,  Mg  and  Na  samples  respectively.  The  greatest  change  in  pH 
was  shown  by  Na-montmorillonite  and  Li-montmorillonite  samples . 

These  samples  had  dropped  from  8.6  to  7.1  and  from  9.2  to  7.4. 

B.  Cation  Analysis 

Tables  5  and  6  show  the  results  of  cation  analysis  conducted 
on  the  supernatants  of  the  clay  suspensions  used  in  Part  II.  The 
analysis  were  conducted  immediately  prior  to  aging  of  the  suspen¬ 
sions,  and  once  again  at  the  end  of  the  experiment  after  the  samples 


had  been  aged. 


. 
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CLAY 

DAYS 

CATION  CONCENTRATION 

SUSPENSION 

AGED 

m.e./lOORm.  clay 

+ 

Na 

+ 

Li 

++ 

Mg 

Ca4^ 

Al^4 

Na -montmor illonite 

0 

13.71 

/ 

0.72 

/ 

109.01 

70 

19.03 

/ 

0.24 

/ 

16.35 

Li -montmor illonite 

0 

0.41 

26.89 

1.15 

/ 

181.69 

70 

/ 

23.92 

0.37 

/ 

15.57 

Mg-montmor illonite 

0 

0.26 

/ 

0.49 

/ 

/ 

70 

0.57 

/ 

12.96 

/ 

/ 

Ca -montmor illonite 

0 

0.38 

/ 

/ 

0.82 

/ 

70 

/ 

/ 

0.72 

5.85 

/ 

/=Not  detected 

Table  5  .-Cation  analysis  of  supernatant  of  homionic  montmor illonite 
suspensions  before  and  after  aging  at  80  C. 


CLAY 

SUSPENSION 

DAYS 

AGED 

CATION  CONCENTRATION 
m.e./lOOgm.  clay 

+ 

+ 

++ 

++ 

Na 

Li 

Mg 

Ca 

A1 

Na -montmor illonite 

0 

12.69 

/ 

0.66 

/ 

106.40 

74 

15.61 

/ 

1.15 

/ 

22.58 

Li -montmor illonite 

0 

0.37 

26.89 

0.95 

/ 

160.91 

74 

0.38 

25.22 

1.44 

/ 

43.21 

Mg-montmor illonite 

0 

0.29 

/ 

0.49 

/ 

/ 

74 

0.36 

/ 

2.88 

/ 

/ 

Ca -montmor illonite 

0 

0.32 

/ 

/ 

0.93 

/ 

74 

0.38 

/ 

0.58 

5.85 

/ 

/=Not  detected 

Table  6  .-Cation  analysis  of  supernatant  of  homionic  montmor illonite 
suspensions  before  and  after  aging  at  40  C. 
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Cation  analysis  prior  to  aging  showed  the  presence  of  large 

O  i 

amounts  of  soluble  A1J  in  suspensions  of  Na  and  Li-montmorillonite . 
The  quantity  of  soluble  A1  detected  in  Li-montmorillonite  suspensions 
was  approximately  1.5  times  as  great  as  that  for  Na  samples.  Suspen¬ 
sions  of  Mg  and  Ca-saturated  montmorillonite  did  not  show  the  presence 

O  i 

of  any  soluble  A1  .  Aging  Na  and  Li  clay  suspensions  resulted  in 
a  substantial  reduction  in  the  soluble  Al^+  content  of  the  suspen¬ 
sion  supernatants.  This  behavior  was  shown  by  samples  aged  at  80°C 
and  40°C .  The  concentration  of  Na+  and  Li+  detected  in  the  suspen¬ 
sion  supernatants  of  Na-montmor iloonite  and  Li-montmorillonite  did 
not  vary  appreciably  during  aging  regardless  of  the  temperature 
at  which  the  samples  were  aged. 

Mg -montmorillonite  samples  aged  at  80°C  showed  a  substantial 
increase  in  soluble  Mg^+  concentration.  Samples  aged  at  40°C  showed 

a  small  increase  in  Mg^+  concentration.  Aging  Ca-montmorillonite 

2+ 

samples  resulted  in  a  large  increase  in  soluble  Ca  .  The  magni¬ 
tude  of  this  increase  was  approximately  the  same  for  samples  aged 
at  80°C  and  40°C . 

2- 

Part  III-A;  Effect  of  Anions  SO^  and  Cl  on  the  pH  of  Homionic 
Arizona  Montmorillonite  Suspensions. 

Figures  5,  6,  7  and  8  show  the  effect  of  S0^“  and  Cl"  anions 
on  the  pH  of  homionic  montmorillonite  suspensions  aged  at  80°C . 

Samples  of  homionic  montmorillonite  were  suspended  in  equal  quanti- 

o  _ 

ties  of  1  N  SO^  and  1  N  Cl  salts  and  pH  readings  were  taken 


Figure  5. -Effect  of  sulphate  and  chloride  anions  on 
the  pH  of  Na-montmorillonite  suspensions 
aged  at  80  Centigrade. 


Figure  g. -Effect  of  sulphate  and  chloride  anions  on 
the  pH  of  Li -montmoril Ionite  suspensions 
aged  at  80  Centigrade. 
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in  the  same  manner  used  for  the  salt  free  homionic  clay  suspensions. 
Referring  to  figure  5;  curve  (1)  shows  change  in  suspension  pH  with 
time  for  salt  free  homionic  Na-montmorillonite .  Curves  (2)  and  (3) 
show  the  change  in  suspension  pH  of  Na-montmorillonite  when  suspended 
in  1  N  salt  solutions  of  Na2S0^  and  NaCl  respectively. 

The  presence  of  salt  greatly  reduces  the  initial  pH  of  the 
clay-suspensions  as  compared  to  the  salt  free  suspension.  The  ini¬ 
tial  pH  of  the  Na2S0^  system  was  higher  than  that  of  the  Cl"  system. 
In  addition  the  SO^  system  showed  a  rapid  increase  in  pH  during 
the  first  6  days  of  aging,  rising  from  a  pH  of  6.5  to  a  pH  of  7.1 
This  initial  rise  in  pH  was  followed  by  a  20  day  buffer  period 
during  which  the  pH  remained  constant  in  the  region  of  7.1  to  7.3. 
After  a  total  aging  period  of  approximately  27  days  the  SO^  system 
underwent  an  abrupt  drop  in  pH  from  7.2  to  5.7.  This  sudden  drop 
occurred  over  a  period  of  5  days  and  was  followed  by  a  further, 
but  less  rapid  decrease  in  pH  to  a  value  of  4.8  units.  The  pH 
continued  to  decrease  after  this  period,  but  at  a  further  reduced 
rate  to  give  a  minimum  pH  of  4.3  after  an  aging  period  of  68  days. 

Curve  (3),  figure  5,  shows  the  effect  of  Cl"  on  the  suspen¬ 
sion  pH  of  Na-montmorillonite.  In  the  case  of  the  Cl*  system  the 
pH  changed  very  little  during  the  first  20  days  of  aging,  rising 
from  an  initial  pH  of  5.8  to  6.2.  After  20  days  of  aging  a  sudden 
rise  in  pH  occurred  from  6.2  to  6.6  followed  by  a  buffer  region 
extending  for  a  period  of  10  days,  after  which  the  pH  started  to 
decrease,  dropping  from  6.5  to  5.3  in  10  days.  A  further  decrease 
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in  pH  but  at  a  slower  rate  resulted  in  a  minimum  pH  of  4.3  at  the 
end  of  65  days  of  aging. 

Figure  6  shows  the  variation  in  suspension  pH  of  samples  of 
homionic  Li-montmorillonite .  Curve  (1)  shows  pH  changes  with  time 
for  salt  free  Li-montmorillonite  suspension,  curves  (2)  and  (3)  show 
the  effect  of  the  presence  of  Li2S0^  and  LiCl  respectively.  Curves 
(2)  and  (3)  are  generally  similar  to  their  Na  analogs  depicted  in 

O  _ 

figure  5.  The  pH  curve  for  the  SO4  system  showed  an  initial  rise 
in  pH  of  approximately  the  same  magnitude  and  time  duration  as  that 
shown  by  the  NagSO^  system  in  figure  5.  However  in  this  case  the 

O 

SO4.  and  Cl"  systems  both  have  the  same  initial  pH.  The  buffer 
region  was  of  shorter  duration  for  the  L^SO^  system  than  for  the 
Na2S0^  system  (i.e.  15  days  compared  to  20  days  for  Na2S0^) .  The 
drop  in  pH  for  the  L^SO^  clay  suspension  is  much  more  gradual  and 
consistent  than  was  the  case  for  the  Na  analog,  however  both  attained 
a  f inal  pH  of  4.3. 

The  pH  curve  for  the  LiCl  system  (figure  6,  curve  (3)  )  showed 
an  initial  buffer  region  lasting  20  days,  analogous  to  the  NaCl  system. 
The  pH  of  6.2  for  this  portion  of  the  curve  is  slightly  higher  than 
that  shown  by  the  Na  system.  The  20  day  buffer  period  was  followed 
by  a  rise  in  pH  of  approximately  0.3  pH  unit  to  give  a  maximum  of 
6.7.  In  contrast  to  the  Na  system  which  also  showed  a  pH  rise  at 
this  point,  the  Li  system  does  not  show  any  buffering  immediately 
following  the  pH  change.  Instead  the  pH  began  to  drop  and  continued 
to  do  so  for  the  next  15  days  of  aging,  dropping  from  a  pH  of  6.7 
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Figure  7. “Effect  of  sulphate  and  chloride  anions  on 
the  pH  of  Mg-montmoril Ionite  suspensions 
aged  at  80  Centigrade. 


TIME  (DAYS) 

Figure  SrEffect  of  sulphate  and  chloride  anions  on 
the  pH  of  Ca-montmorillonite  suspensions 
aged  at  80°  Centigrade. 
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to  a  pH  of  5.0.  At  this  point  the  pH  change  became  much  more  gradual 
and  continued  to  decrease  giving  a  minimum  pH  of  3.9  after  65  days 
of  aging. 

2 

Figure  7  shows  the  effect  of  SO^  and  Cl  anions  on  the  pH 

2  _ 

of  Mg-montmor illonite  suspensions.  In  this  case  the  SO^  systems 
represented  by  curve  (2)  shows  no  initial  rise  in  pH,  but  instead 
shows  an  extended  buffer  region  during  the  first  32  days  of  aging. 

At  the  end  of  32  days  the  system  shows  a  fairly  rapid  drop  in  pH 
from  6.6  to  4.9.  This  change  in  pH  occurred  over  a  17  day  period. 
Further  aging  resulted  in  a  continued  decrease  in  suspension  pH, 
but  at  a  much  slower  rate,  resulting  in  a  minimum  pH  of  4.4  after  68 
days  of  aging. 

The  pH  curve  obtained  from  the  MgCl2  system  is  quite  different 
compared  to  those  for  NaCl  and  LiCl  systems.  The  MgCl2  system  showed 
a  much  greater  initial  buffering  effect,  extending  for  40  days, 
compared  to  20  days  for  each  of  the  Na  and  Li  systems.  In  addition 
this  buffer  period  was  not  followed  by  a  rise  in  pH  as  was  the  case 
for  Na  and  Li  systems.  Instead  the.  pH  initially  decreased  gradually, 
and  continued  to  do  so  at  a  consistent  rate  for  the  remaining  25  days 
of  aging.  The  minimum  pH  reached  by  the  MgCl2  system  was  5.2  after 
a  total  aging  period  of  65  days.  This  is  a  substantially  higher 
final  pH  than  shown  by  any  of  the  other  systems. 

Figure  8  shows  pH  changes  associated  with  CaCl2  and  CaS04 
systems.  At  this  point  it  must  be  made  clear  that  the  concentration 
of  SO^-  in  CaSO^  clay  suspensions  was  0.028  N  rather  than  1  N 
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resulting  from  the  limited  solubility  of  CaSO^ .  Curve  (2)  in  figure 
8  shows  the  effect  of  CaSO^  on  the  pH  of  Ca-montmor illonite  suspensions. 
This  system  showed  an  initial  rise  in  pH  of  approximately  0.5  pH  unit 
followed  by  a  buffer  region  lasting  about  15  days.  This  buffer  region 
was  followed  by  a  gradual  drop  in  pH  which  extended  over  a  further 
16  days.  During  this  latter  period  the  pH  dropped  from  7.5  to  5.3. 
Further  aging  continued  to  lower  the  pH,  but  at  a  reduced  rate, 
resulting  in  a  minimum  pH  of  4.4  after  57  days  of  aging. 

Samples  containing  CaCl2  (curve  (3),  figure  8)  showed  an 
initial  rise  in  pH  which  continued  for  the  first  20  days  of  aging, 
resulting  in  an  increase  in  pH  of  0.5  units.  This  rise  in  pH  was 
not  observed  for  any  of  the  other  Cl  systems  which  instead  tended 
to  give  buffer  regions.  At  the  end  of  20  days  of  aging  the  CaC^ 
system  exhibited  a  further  more  rapid  increase  in  pH  which  was  also 
common  to  the  LiCl  and  NaCl  systems.  The  rise  in  pH  was  followed 
by  an  immediate  rapid  decrease  in  suspension  pH  which  continued  for 
20  days.  During  this  period  the  pH  dropped  from  7.8  to  5.3  Further 
aging  resulted  in  a  continued  decrease  in  suspension  pH,  but  at  a 
reduced  rate.  The  system  attained  a  minimum  pH  of  4.2  after  aging 
for  65  days  . 

Part  III-B:  Effect  of  Anion  Concentration  on  Suspension  pH. 

Figures  9,  10,  11  and  12  show  the  effect  of  anion  concentra¬ 
tion  on  the  suspension  pH  of  homionic  Arizona  montmor illonite  aged 
at  80°C .  The  curves  compare  the  relative  effect  of  1  N  and  0.05  N 
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- 1.  1  N  Na,,SO. 

2  4 

. 2.  0.05  N  Na  SO 

_ 3.  1  N  NaCl 
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Figure  0. -Effect  of  sulphate  and  chloride  concentration 
on  the  pH  of  Na-montmorillonite  suspensions 
aged  at  80  Centigrade. 


Figure  10. -Effect  of  sulphate  and  chloride  concentration 
on  the  pH  of  Li-montmoril Ionite  suspensions 
aged  at  80  Centigrade. 
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* - 1.  1  N  MgSO^ 

. 2.  0.05  N  MgS04 

- 3  #  1  n  MgC 1 

- 4. 0.05  N  MgC 1 
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Figure  11. -Effect  of  sulphate  and  chloride  concentration 
on  the  pH  of  Mg-montmoril Ionite  suspensions 
aged  at  80  Centigrade. 


Figure  12 • -Effect  of  sulphate  and  chloride  concentration 
on  the  pH  of  Ca-montmor illonite  suspensions 
aged  at  80  Centigrade. 
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S0^~  and  Cl"  salts. 

Reducing  the  concentration  of  Cl  from  1  N  to  0.05  N  result¬ 
ed  in  a  higher  initial  suspension  pH  for  Li,  Na  and  Mg  clay  systems. 
In  the  case  of  Li-montmorillonite  suspensions  (figure  10,  curves 
(3)  and  (4)  )  the  0.05  N  system  had  an  initial  suspension  pH  of 
6.8  compared  to  6.1  for  the  1  N  system.  Aging  the  0.05  N  system 
resulted  in  a  pH  curve  identical  in  shape  to  the  curve  obtained 
for  the  more  concentrated  salt  systems.  The  only  difference  be¬ 
tween  the  two  curves  is  that  the  pH  of  the  more  dilute  system  always 
tended  to  be  approximately  0.7  pH  unit  higher  than  that  of  the  1  N 
salt  samples.  This  pH  differential  was  maintained  during  the  entire 
aging  period.  After  65  days  of  aging  the  suspension  pH  of  0.05  N 
LiCl  clay  systems  had  decreased  to  4.5,  while  that  of  the  1  N  LiCl 
systems  had  decreased  to  3.9. 

The  NaCl  systems  (figure  9,  curves  (3)  and  (4)  )  showed 
behavior  similar  to  the  LiCl  systems  for  the  first  35  days  of  aging, 
after  which  the  curves  became  coincident.  Changing  the  concentra¬ 
tion  of  Cl"  for  the  Ca  systems  (figure  12,  curves  (3)  and  (4)  ) 
did  little  to  change  the  nature  of  the  pH  curves,  the  1  N  and  0.05 
curves  fell  within  0.2  pH  units  of  each  other  over  the  entire  aging 
period . 

Reducing  the  Cl”  concentration  in  Mg  suspensions  resulted 
in  a  20  day  buffer  period  compared  to  a  40  day  buffer  period  for 
suspensions  containing  the  1  N  salt  (figure  11,  curves  (3)  and  (4)  ). 
The  0.05  N  system  showed  a  much  more  rapid  decrease  in  suspension 
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pH  than  the  1  N  system.  However  both  systems  achieved  the  same 
minimum  pH  of  5.0  -  5.1,  the  more  dilute  salt  system  reaching  this 
pH  20  days  sooner  than  the  1  N  system.  After  reaching  pH  5.0,  the 
0.05  N  MgCl2  suspensions  showed  an  increase  in  pH  to  5.5.  This  was 
the  pH  of  the  suspension  at  the  end  of  65  days  of  aging.  The  1  N 
salt  system  achieved  a  pH  of  5.0  after  the  same  aging  interval. 

With  reference  to  figure  9,  (curves  (1)  and  (2)  )  reducing 

2  _ 

the  SO4  concentration  in  suspensions  of  Na-montmorillonite  did 
not  change  the  shape  of  the  pH  curves  during  the  initial  aging 

period.  The  pH  curves  for  suspensions  containing  1  N  and  0.05  N 

2_ 

SO^  were  coincident  for  the  first  33  days  of  aging.  At  this  time 

2- 

the  suspension  pH  of  the  0.05  N  SO^  system  suddenly  increased 
and  showed  a  rise  in  pH  from  5.8  to  6.5  over  a  period  of  approxi¬ 
mately  10  days.  It  is  interesting  to  compare  this  behavior  with 
that  shown  by  the  salt  free  Na-montmorillonite  suspension  depicted 
in  figure  3.  The  pH  of  the  salt  free  suspension  also  dropped  to 
pH  5.8  and  then  rose  to  6.5.  However  the  salt  free  suspension  required 
45  days  of  aging  to  exhibit  this  behavior  compared  to  33  days  for  the 
0.05  N  salt  system.  The  1  N  Na2S0^  samples  did  not  show  any  rise  in 
pH  after  33  days  of  aging,  but  instead  showed  a  continuous  drop  in 
pH  for  the  duration  of  the  aging  period.  At  the  end  of  68  days  of 
aging  the  1  N  Na2S04  systems  achieved  a  minimum  pH  of  4.4,  the  0.05 
N  sample  had  dropped  to  pH  5.5. 

2  - 

Figure  10  (curves  (1)  and  (2)  )  shows  the  effect  of  SO4 
concentration  on  the  suspension  pH  of  Li-montmorillonite .  The  pH 
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curves  for  1  N  and  0.05  N  systems  are  essentially  the  same  shape, 
however  the  1  N  system  was  more  acid  than  the  0.05  N  system  and 
attained  a  given  pH  reading  more  rapidly  than  the  0.05  N  system. 

Figures  11  and  12  show  the  effect  of  SO^  concentration 
on  suspension  pH  of  Mg-montmor illonite  and  Ca-montmorillonite  re¬ 
spectively  (curves  (1)  and  (2)  in  both  figures). 

Samples  containing  0.05  N  MgSO^  (figure  11)  showed  a  lower 
suspension  pH  than  samples  containing  the  1  N  salt.  This  is  the 
reverse  of  the  case  noted  for  L^SO^  samples.  Both  the  IN  and  0.05 
N  MgSO^  systems  showed  a  period  of  abrupt  drop  in  pH  of  similar 
magnitude,  however  this  change  occurred  approximately  18  days  sooner 
for  the  0.05  N  system  than  for  the  1  N  system.  Both  systems  showed 
a  further  drop  in  pH,  but  at  a  much  more  gradual  rate  of  decrease. 

After  65  days  of  aging  the  1  N  system  had  achieved  a  pH  of  4.3  and 
the  0.05  N  system  a  pH  of  4.1. 

Varying  the  concentration  of  S0^~  in  Ca-montmorillonite 
suspensions  (figure  12,  curves  (1)  and  (2)  )  did  not  change  the 
general  shape  of  the  curves.  However  pH  changes  occurred  in  short- 

O 

er  periods  of  time  in  the  case  of  the  more  dilute  SO^  system. 

In  addition  the  pH  of  the  dilute  samples  tended  to  be  more  acid. 

The  more  acid  pH  of  the  dilute  CaSO^  system  is  analogous  to  the 
behavior  shown  by  the  MgSO^  samples,  and  the  reverse  of  that  shown 
by  the  LiSO^  samples. 

O 

Figures  13  and  14  show  the  effect  of  SO^  concentration 
on  the  suspension  pH  of  homionic  Arizona  montmoril Ionite  samples 
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Figure  15. -Effect  of  sulphate  and  chloride  anions 
on  the  pH  of  Ca-  and  Mg-montmoril Ionite 
suspensions  aged  at  40  Centigrade. 

- -1.  Li-montmorillonite,  1  N  Li^SO^ 


Figure  14. -Effect  of  sulphate  and  chloride  anions 

on  the  pH  of  Li.-  and  Na-montmoril Ionite 

o 

suspensions  aged  at  40  Centigrade. 
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aged  at  40°C .  Chloride  systems  were  not  aged  at  40°C . 

Figure  13  shows  the  pH  curves  for  Ca  and  Mg-montmorillonite 
samples  aged  in  1  N  and  0.05  N  S0^~  solutions.  It  is  obvious  that 
aging  at  40°C  had  no  noticeable  effect  on  the  suspension  pH  of 

O 

either  the  Mg  or  Ca-saturated  clays,  irrespective  of  SO^  concen¬ 
trations  . 

Figure  14  shows  the  pH  curves  for  Na  and  Li-montmorillonite 

2_ 

samples  aged  in  1  N  and  0.05  N  SO^  solutions.  All  samples  were 
initially  slightly  acid  (pH  6.1  -  6.5),  however  aging  produced  a 
gradual  rise  in  the  pH  toward  neutrality.  After  70  days  of  aging  the 
suspension  pH  of  0.05  N  Na2S0^  systems  had  risen  to  7.5.  The  1  N 
salt  systems  for  both  Na  and  Li  samples  had  risen  to  pH  7;  the  0.05  N 
Li2S0^  sample  remained  slightly  acid  at  pH  6.6. 
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The  pH  curves  obtained  in  Parts  I,  II  and  III  of  the  study  all 
showed  that  temperature  played  a  major  role  in  producing  suspension 
pH  differences.  Other  factors  which  affected  the  curves  were  cation 
saturation,  nature  of  the  clay  mineral,  anions  and  anion  concentra¬ 
tions.  However  these  last  factors  only  showed  significant  effects 
when  coupled  with  high  temperature. 

Cation  analysis  of  the  supernatant  of  clay  suspensions  prior 
to  aging  showed  the  presence  of  large  amounts  of  soluble  A1  in 
suspensions  of  Na-montmorillonite  and  Li-montmorillonite ,  and  smaller 
amounts  of  soluble  A1  in  suspensions  of  Na-illite.  It  is  assumed 
that  the  presence  of  this  A1  resulted  from  the  hydrolysis  of  the  Na 
and  Li  clays  during  water  washing  to  remove  excess  Cl”  salts  used 
in  the  preparation  of  the  homionic  clays .  It  could  then  be  argued 
that  subsequent  decreases  in  suspension  pH  observed  for  Na  and  Li 
clay  suspensions  aged  at  80°C  was  the  result  of  further  hydrolysis 
and  polymerization  of  the  A1  present,  the  rate  of  such  reactions 
having  been  considerably  increased  by  the  high  temperature  at  which 
the  suspensions  were  aged.  However  Mg-saturated  clays  used  in 
Part  I  and  Part  II  of  the  study,  and  prepared  in  the  same  manner  used 
for  Na  and  Li  clay  samples,  at  no  time  showed  the  presence  of  de¬ 
tectable  amounts  of  soluble  A1 .  Yet  these  samples,  when  aged  at 
80°C  also  showed  a  substantial  decrease  in  suspension  pH  with  time. 

In  the  case  of  Mg-montmorillonite  and  Mg-illite  suspensions  the 
rate  of  decrease  in  suspension  pH  was  always  much  more  rapid  than 
that  shown  by  either  Na  or  Li  clay  suspensions. 
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Ca-saturated  montmoril Ionite  samples  used  in  Part  II  of  the 
study  also  did  not  show  the  presence  of  detectable  amounts  of  soluble 
A1  in  the  suspension.  However  on  aging  these  samples  at  80°C  the 
suspension  pH  decreased,  although  at  a  slower  rate  than  shown  by  any 
of  the  other  montmor illonite  suspensions. 

3+ 

The  absence  of  detectable  amounts  of  A1  in  suspensions  of 
Ca  and  Mg -montmor illonite  and  Mg-illite,  coupled  with  the  decrease 
in  suspension  pH  shown  when  these  samples  were  aged  at  80°C  suggests 
that  pH  curves  were  the  result  of  other  reactions  besides  possible 
hydrolysis  and  polymerization  of  soluble  aluminum  species  initially 
present  in  the  clay  suspensions.  Such  reactions  might  include  the 
dissociation  of  alumino-hydronium  functional  groups  located  at 
silicate  layer  edges  of  clay  minerals  (Jackson,  1960)  .  Such  hydroxy 
A1  edges  can  act  as  proton  donors  through  the  reaction 

XA1-OH20,5+ - >  XA1-0H0,5"  +  H+  [6 } 

as  the  pH  is  raised  (Jackson,  1963)  .  Aging  clay  minerals  at  elevated 
temperatures  may  enhance  such  reactions.  In  addition  it  has  been 
shown  (Ferrell,  e_t  al_,  1967)  that  at  60°C  or  higher,  alkaline  solu¬ 
tions  of  pH  8.5  and  greater,  attack  clay  minerals  with  the  forma¬ 
tion  of  a  frayed  edge.  The  frayed  edge  develops  by  disrupting 
tetrahedral  and  octahedral  bonds  at  the  edge  of  the  clay  mineral 
platelets  and  removing  silicon  and  aluminum  from  their  structural 
pos itions . 

Any  A1  released  to  the  solution  phase  by  the  above  reactions 


1 


can  only  exist 


would  exist  as  hydroxy-aluminum  species,  since  Al^+ 
in  any  appreciable  quantity  below  pH  4  (Jackson,  1963) .  Such  hydroxy 
aluminum  species  would  undergo  further  hydrolysis  and  polymerization 
to  form  dimers,  hexamers  and  probably  larger  cationic  species,  with 
the  eventual  formation  of  A1  (OH)^  which  would  precipitate  out  of 
solution  ,  or  possibly  condense  on  clay  mineral  surfaces.  If  the 
hydroxyl  ion  content  of  the  solution  phase  is  limited,  the  hydroxy- 
aluminum  species  can  obtain  additional  OH  groups  from  H2O  during 
polymerization  and  precipitation,  resulting  in  a  decrease  in  solution 
pH  (Hsu,  1966).  Increasing  the  temperature  and  aging  would  consider¬ 
ably  enhance  such  a  process.  In  addition  the  presence  of  2:1  clay 
minerals  can  result  in  the  adsorption  of  hydroxy-aluminum  species, 
such  adsorption,  if  it  occurred,  would  further  decrease  solution  pH 
(Ragland  and  Coleman,  1960;  Shen  and  Rich,  1962)  .  Reactions  such  as 
those  outlined  above  may  partially  explain  the  suspension  pH  curves 
obtained  in  Part  I  and  II  of  the  study. 

The  pH  suspension  curves  obtained  in  Part  III-A  and  Part  III-B 
of  the  study  showed  that  when  coupled  with  high  temperatures,  anions 
and  anion  concentration  had  a  significant  effect  on  the  reaction (s) 
responsible  for  the  decrease  in  suspension  pH  of  the  various  homionic 
clay  systems.  The  extent  of  the  effect  was  influenced  by  the  type  of 
anion  present  (S0^_  Vs  Cl”)  as  well  as  the  concentration  of  anion 
present  (1  N  vs  0.05  N) . 

According  to  Jackson  (1963)  anions  such  as  Cl  and  SO^  ”  are 
held  in  a  hydroxy  alumina  structure  through  the  substitution  for 
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OH".  The  replaced  hydroxyl  ions  can  then  react  with  H+  ions  pro¬ 
duced  through  hydrolysis  of  Al^+  present  on  clay  surfaces  or  per¬ 
haps  react  directly  with  Al^+  ions  to  form  hydroxy-aluminum  species. 
Whether  the  pH  of  the  system  is  lowered  or  raised  depends  on  the 
relative  ratio  of  the  two  reactions:  hydrolysis  and  OH"  exchange. 

The  suspension  pH  curves  obtained  in  Part  III  of  the  study  for 
systems  aged  at  80°C  all  showed  buffer  regions  during  the  initial 
period  of  aging  followed  by  a  decrease  in  suspension  pH.  If  it  is 
assumed  that  anion  adsorption  does  occur  by  the  replacement  of  OH" 
groups  then  the  buffer  region  could  be  due  to  neutralization  of 
H~*"  ions  by  hydroxyl  ions  displaced  through  anion  adsorption.  De¬ 
creases  in  suspension  pH  on  further  aging  could  then  be  explained 
by  assuming  that  only  limited  hydroxyl  sites  were  available  for 
anion  adsorption  and  once  these  were  consumed  no  further  OH'  ions  were 
available  for  neutralization  of  H+. 
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X-Ray  Diffraction  Analysis 

Clay  samples  used  in  Parts  I,  II  and  III  of  the  study  were 
subjected  to  X-ray  diffraction  analysis  at  the  completion  of  the  aging 
experiments.  Clay  samples  from  each  suspension  used  in  the  experiments 
were  K-saturated  and  parallel  oriented  glass  slides  were  prepared. 

The  K-saturated  slides  were  subjected  to  X- irradiation  at  room 
temperature  (25°C)  and  then  successively  heated  in  an  oven  to 
temperatures  ranging  from  150°C  to  550°C .  Additional  X-ray  diffrac¬ 
tion  analysis  were  recorded  after  each  heating  period.  Mg-saturated 
and  glycol  solvated  slides  were  also  prepared  and  subjected  to  analysis. 

The  results  of  X-ray  diffraction  analysis  performed  on  the  clay 
minerals  used  in  Part  I  of  the  study  are  shown  in  figures  15  to  29. 
Figures  15,  16  and  17  show  X-ray  patterns  for  standard  unaged  clay 
minerals;  Arizona  montmor illonite ,  Fithian  illite  and  hectorite 
respectively . 

Samples  of  montmorillonite  originally  Na-saturated  and  aged  at 
80°C  (figure  18)  and  40°C  (figure  19)  showed  very  broad  peaks  when 
K-saturated  and  heated.  The  nature  of  these  peaks  suggests  extensive 
weathering  of  the  samples  and  possibly  small  amounts  of  interlayering . 

Na  samples  aged  at  80°C  also  showed  the  presence  of  a  relatively 
strong  7A  peak.  This  peak  was  not  observed  in  unaged  Arizona  mont¬ 
morillonite  (figure  15)  . 

Montmorillonite  samples  originally  Mg-saturated  (figures  20 
and  21)  also  showed  signs  of  weathering  indicated  by  broadening  of  the 
001  basal  reflection.  However  these  samples  did  not  show  the  presence 
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of  7  A  peaks.  Mg-saturation  and  glycol  solvation  resulted  in  expan¬ 
sion  to  17A  for  all  of  the  montmorillonite  samples. 

X-ray  patterns  of  Fithian  illite  originally  Na-saturated  and 
aged  at  80°C  (figure  22)  showed  a  samll  shoulder  at  7.8  to  8  degrees 
20  (11. 3A  -  11. 1A)  when  K-saturated  and  heated.  This  indicates 
some  weathering  of  the  sample,  but  only  to  a  small  extent.  X-ray 
patterns  of  illite  samples  originally  Na-saturated  and  aged  at  40°C 
did  not  differ  to  any  significant  extent  from  X-ray  patterns  of  un¬ 
aged  Fithian  illite  (figure  16) . 

Aging  Mg-saturated  illite  samples  at  80°C  (figure  24)  resulted 
in  considerable  broadening  of  the  10A  peak  when  samples  were  K- 
saturated  and  heated,  indicating  that  these  samples  had  undergone 
a  fair  degree  of  weathering  during  the  aging  period.  X-ray  patterns 
of  Mg-illite  samples  aged  at  40°C  (figure  25)  did  not  differ  to  any 
significant  extent  from  patterns  of  unaged  illite  (figure  16) .  Mg- 
saturation  and  glycol  solvation  of  aged  illite  samples  did  not  result 
in  any  significant  amount  of  expansion  for  any  of  the  samples. 

Aging  Na-saturated  hectorite  samples  resulted  in  considerable 
broadening  of  the  basal  001  reflection.  This  was  true  of  samples 
aged  at  80°C  and  40°C  (figures  26  and  27) .  These  samples  also 
showed  some  resistance  to  collapse  when  K-saturated  and  heated,  the 
effect  being  slightly  greater  for  samples  aged  at  40°C  .  These 
observations  suggest  that  some  interlayer ing  mya  have  occurred  in 
these  samples,  although  not  to  a  sufficient  extent  to  produce  a 
distinct  14A  peak.  Both  samples  definitely  showed  extensive  weathering. 
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Mg-saturation  and  glycol  solvation  resulted  in  expansion  to  17A 
for  samples  aged  at  40°C  and  to  19. 5A  for  samples  aged  at  80°C . 

X-ray  patterns  of  aged  hectorite  samples  that  had  originally 
been  Mg-saturated  generally  differed  little  from  X-ray  patterns  of 
standard  unaged  hectorite  (figure  17).  Figure  28  shows  the  results 
for  Mg-hectorite  that  had  been  aged  at  80°C .  The  X-ray  patterns 
showed  some  broadening  of  the  10A  peak  relative  to  the  unaged  standard, 
however  this  effect  was  not  particularly  pronounced.  X-ray  patterns 
of  Mg-hectorite  samples  aged  at  40°C  (figure  29)  also  showed  slight 
broadening  of  the  10A  peak.  Undoubtably  some  weathering  of  these 
samples  did  occur,  however  based  on  X-ray  analysis  the  extent  of 
weathering  appears  to  have  been  small.  Glycol  solvation  of  the 
hectorite  samples  resulted  in  expansion  to  17A. 
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Degrees  20 

Figure  15.  X-ray  diffraction  patterns  of  unaged  Arizona  montmorillonite . 


Degrees  20 


Figure  16.  X-ray  diffraction  patterns  of  unaged  Fithian  illite. 
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Degrees  20 

Figure  17.  X-ray  diffraction  patterns  of  unaged  hectorite. 


71 


Degrees  20 

Figure  18.  X-ray  diffraction  patterns  of  Arizona  montmorillonite 
originally  Na  saturated  and  aged  for  75  days  at  80 
Centigrade . 


Degrees  29 

19.  X-ray  diffraction  patterns  of  Arizona  montmorillonite 
originally  Na  saturated  and  aged  for  70  days  at  40 
Centigrade . 
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Degrees  20 

Figure  20. X-ray  diffraction  patterns  of  Arizona  montmor illonite 

originally  Mg  saturated  and  aged  for  70  days  at  80  Centi¬ 
grade  . 


Degrees  20 

Figure  21.  X-ray  diffraction  patterns  of  Arizona  montmorillonite 
originally  Mg  saturated  and  aged  for  70  days  at  40° 
Centigrade . 
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Figure  22.  X-ray  diffraction  patterns  of  Fithian  illite  originally 
Na  saturated  and  aged  for  75  days  at  80°  Centigrade. 
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Figure  23.  X-ray  diffraction  patterns  of  Fithian  illite  originally 
Na  saturated  and  aged  for  70  days  at  40°  Centigrade. 
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Figure  24.  X-ray  diffraction  patterns  of  Fithian  illite  originally 
Mg  saturated  and  aged  for  75  days  at  80°  Centigrade. 
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Degrees  20 

Figure  25.  X-ray  diffraction  patterns  of  Fithian  i^lite  originally 
Mg  saturated  and  aged  for  70  days  at  40  Centigrade. 
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Figure  26.  X-ray  diffraction  patterns  of  hectorite  originally  Na 
saturated  and  aged  for  75  days  at  80°  Centigrade. 
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Figure  27.  X-ray  diffraction  patterns  of  hectorite  originally  Na 
saturated  and  aged  for  70  days  at  40°  Centigrade. 
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Figure  28.  X-ray  diffraction  patterns  of  hectorite  originally  Mg 
saturated  and  aged  for  75  days  at  80  C. 
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Figure  29.  X-ray  diffraction  patterns  of  hectorite  originally  Mg 
saturated  and  aged  for  70  days  at  40  C. 
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The  results  of  X-ray  diffraction  analysis  performed  on  clay 
samples  used  in  Part  II  of  the  study  are  shown  in  figures  31  to  38. 

The  X-ray  patterns  show  the  results  of  K-saturation  and  successive 
heat  treatments,  as  well  as  Mg-saturation  and  glycol  solvation, 
although  the  latter  was  performed  only  on  samples  which  had  been 
aged  at  80°C .  The  original  cation  saturation  of  each  clay  sample, 
as  well  as  length  of  time  and  temperature  of  aging  is  indicated  in 
each  figure.  The  X-ray  diffraction  patterns  shown  in  figure  30  are 
for  standard  unaged  Arizona  montmor illonite  after  K-saturation  and 
glycol  solvation. 

The  results  of  X-ray  analysis  showed  that  all  samples  aged  at 
80°C  expanded  on  solvation  to  17A  or  slightly  greater.  Neither 
samples  aged  at  80°C  nor  samples  aged  at  40°C  showed  any  significant 
degree  of  resistance  to  collapse  when  K-saturated  and  heated.  However 
clay  samples  that  were  originally  Na  and  Li  saturated  and  aged  at 
80°C  (figures  31  and  32)  showed  a  small  but  significant  peak  between 
12.2  and  12.7  degrees  20.  This  corresponds  to  a  d  spacing  of  7.2  - 
6.9A.  In  addition  clay  samples  originally  Li-saturated  and  aged  at 
40°C  (figure  36)  showed  small  peaks  between  11.5  and  12.5  degrees 
20  (7.6  -  7 . 1A) .  These  peaks  were  not  detected  in  X-ray  diffraction 
patterns  of  unaged  standard  Arizona  montmor illonite ,  and  thus  may 
suggest  that  a  new  alumino-s ilicate  may  have  been  formed  from  partial 
decomposition  of  the  montmorillonite  structure.  Clay  samples  which 
were  originally  Ca  or  Mg-saturated  did  not  show  the  presence  of  peaks 


of  this  nature. 
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All  of  the  X-ray  diffraction  patterns  showed  peaks  beyond 
14  degrees  29.  These  were  common  to  all  samples  and  are  attributed 
to  higher  orders  of  the  001  basal  reflection. 
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Figure  30.  X-ray  diffraction  patterns  of  unaged  Arizona  montmoril Ionite . 


Figure  31.  X-ray  diffraction  patterns  of  Arizona  montmorillonite 
originally  Na  saturated  and  aged  for  70  days  at  80° 
Centigrade . 
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Figure  32.  X-ray  diffraction  patterns  of  Arizona  montmorillonite 

originally  Li  saturated  and  aged  for  70  days  at  80° 
Centigrade . 
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Figure  33.  X-ray  diffraction  patterns  of  Arizona  montmorillonite 
originally  Mg  saturated  and  aged  for  70' days  at  80° 
Centigrade . 
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Figure  34.  X-ray  diffraction  patterns  of  Arizona  montmor illonite 
originally  Ca  saturated  and  aged  for  70  days  at  80° 
Centigrade . 
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Figure  35.  X-ray  diffraction  patterns  of  Arizona  montmoril Ionite 
originally  Na  saturated  and  aged  for  74  days  at  40 
Centigrade . 
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Figure.  36.  X-ray  diffraction  patterns  of  Arizona  montmorillonite 
originally  Li  saturated  and  aged  for  70  days  at  40 
Centigrade . 
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Figure  37.  X-ray  diffraction  patterns  of  Arizona  montmoril Ionite 
originally  Mg  saturated  and  aged  for  74  days  at  40° 
Centigrade . 
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Figure  38.  X-ray  diffraction  patterns  of  Arizona  montmor illonite 
originally  Ca  saturated  and  aged  for  74  days  at  40° 
Centigrade . 
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Figures  39  to  62  show  the  results  of  X-ray  analysis  performed 
on  Arizona  montmorillonite  samples  used  in  Part  III  of  the  study. 

The  X-ray  patterns  show  the  results  of  K-saturation  with  heat  treat¬ 
ments,  and  Mg-saturation  and  glycol  solvation,  although  once  again 
the  latter  was  performed  only  on  samples  which  had  been  aged  at  80°C . 

Mg-saturation  and  glycol  solvation  resulted  in  complete  expan¬ 
sion  of  all  samples  aged  at  80°C  to  18A  or  slightly  greater.  The 
X-ray  diffraction  patterns  of  clay  samples  originally  Ca  and  Mg- 
saturated  (figures  51  -  62)  and  aged  in  various  salt  solutions  did 
not  differ  significantly  from  patterns  obtained  for  standard  un¬ 
treated  Arizona  montmorillonite  (figure  30).  All  of  these  samples 
showed  regular  and  complete  collapse  to  approximately  10A  when 
K-saturated  and  heat  treated. 

Montmorillonite  samples  which  were  originally  Na  or  Li-saturated 
showed  a  small  but  significant  peak  in  the  region  12  -  12.5  degrees 
20  (7.3  -  7.1A).  In  the  case  of  montmorillonite  samples  originally 
Na-saturated  (figures  39  -  44)  this  peak  occurred  in  all  samples 
except  those  aged  in  NaCl  (figures  41  and  42) .  Clay  samples  originally 
Li-saturated  (figures  45  -  50)  also  showed  the  presence  of  a  peak  in 
the  region  12  to  12.5  degrees  20,  except  when  the  samples  were  aged 
in  0.05  N  LiCl  aid  0.05  N  Li2S04  (figures  48  and  50). 

In  addition  to  the  peaks  mentioned  above,  all  of  the  X-ray 
diffraction  patterns  showed  peaks  beyond  14  degrees  20.  These  peaks 
were  common  to  all  samples  and  are  attributed  to  higher  orders  of 
the  001  basal  reflection  and  in  some  cases  to  hKD  reflections. 
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Figure  39.  X-ray  diffraction  patterns  of  Arizona  montmor illonite 
originally  Na  saturated  and  aged  in  1  N  Na  SO  for  68 
days  at  80°  Centigrade.  ^ 
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Figure  40.  X-ray  diffraction  patterns  of  Arizona  montmoril Ionite 
originally  Na  saturated  and  aged  inQ05  N  Na-SO.  for 
68  days  at  80°  Centigrade.  ^ 
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Figure  41.  X-ray  diffraction  patterns  of  Arizona  montrnoril Ionite 
original lyQNa  saturated  and  aged  in  1  N  NaCl  for  65 
days  at  80  Centigrade. 


Figure  42.  X-ray  diffraction  patterns  of  Arizona  montmor illonite 
originallyoNa  saturated  and  aged  in0.05  N  NaCl  for  65 
days  at  80  Centigrade. 
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Figure  43.  X-ray  diffraction  patterns  of  Arizona  montmor illonite 
or iginally^Na  saturated  and  aged  in  1  N  Na^SO^,  for  72 
days  at  40  Centigrade. 
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Figure  44.  X-ray  diffraction  patterns  of  Arizona  montmorillonite 
originally  Na^saturated  and  aged  in  0.05  N  Na^SO^  for 
72  days  at  40  Centigrade. 
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Figure  <45.  X-ray  diffraction  patterns  of  Arizona  montmorillonite 
originally  Li  saturated  and  aged  in  1  N  Li^SO^  for  58 
days  at  80°  Centigrade. 
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Figure  46.  X-ray  diffraction  patterns  of  Arizona  montmor illonite 
originally  Li  saturated  and  aged  in  0.05  N  L^SQ  for  53 
days  at  80  Centigrade. 


47.  X-ray  diffraction  patterns  of  Arizona  montmor illonite 
originally  Li  saturated  and  aged  in  1  N  LiCl  for  65 
days  at  80°Centigrade . 
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Figure  48.  X-ray  diffraction  patterns  of  Arizona  montmo-ril Ionite 

or iginallyQLi  saturated  and  aged  in  0.05  N  LiCl  for  G5 
days  at  80  Centigrade. 
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Figure  49^  X-ray  diffraction  patterns  of  Arizona  montmoril Ionite 
originally  Li  saturated  and  aged  in  1  N  Li  SO  for  60 
days  at  40  Centigrade.  ^  f 
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Figure  50.  X-ray  diffraction  patterns  of  Arizona  montmor illonite 
originally  Li  saturated  and  aged  in  0.05  N  L^SO^  for 
60  days  at  40°  Centigrade. 
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Figure  51.  X-ray  diffraction  patterns  of  Arizona  montmor illonite 
originallyollg  saturated  and  aged  in  1  N  MgSO,  for  68 
days  at  80  Centigrade. 
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Figure  52.  X-ray  diffraction  patterns  of  Arizona  montmor illonite 
originally  Mg  saturated  and  aged  in  0.05  N  MgSO^  for  68 
days  at  80  Centigrade. 
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Figure  53.  X-ray  diffraction  patterns  of  Arizona  montmorillonite 
original lyQMg  saturated  and  aged  in  1  N  MgCl  for  65 
days  at  80  Centigrade.  1 
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Figure  54.  X-ray  diffraction  patterns  of  Arizona  montmorillonite 

original lyQMg  saturated  and  aged  in0i05  N  MgC^  f°r  65 
days  at  80  Centigrade. 


Ill 


Degrees  20 

Figure  55.  X-ray  diffraction  patterns  of  Arizona  montmorillonite 
or iginallyQMg  saturated  and  aged  in  1  N  MgSO,  for  58 
days  at  40  Centigrade. 
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Figure  56.  X-ray  diffraction  patterns  of  Arizona  montmoril Ionite 
originally  MgQsaturated  and  aged  inO. 05  N  MgSO^  for 
58  days  at  40  Centigrade. 
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Figure  57,  X-ray  diffraction  patterns  of  Arizona  montmoril Ionite 

originally^Ca  saturated  and  aged  in  0. 028  N  CaSO^  for  58 
days  at  80  Centigrade. 
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Figure  58.  X-ray  diffraction  patterns  of  Arizona  montmorillonite 
originally  CaQsaturated  and  aged  in  0.0014  N  CaSO,  for 
58  days  at  80  Centigrade.  f 
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Figure  59.  X-ray  diffraction  patterns  of  Arizona  montmorillonite 
originally  CaQsaturated  and  aged  in(). 028  N  CaSO,  for 
58  days  at  40  Centigrade.  ^ 
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Figure  60.  X-ray  diffraction  patterns  of  Arizona  montmorillonite 
originally  Caosaturated  and  aged  in  0.0014  N  CaSO^  for 
58  days  at  40  Centigrade. 
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Figure  61.  X-ray  diffraction  patterns  of  Arizona  montmor illonite 
originally^Ca  saturated  and  aged  in  I  N  CaCl^  for  65 
days  at  80  Centigrade. 
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Figure  62/v-ray  diffraction  patterns  of  Arizona  montmoril Ionite 
originally  CaQsaturated  and  aged  inO.  05  N  CaCl2  for 
65  days  at  80  Centigrade. 


X-ray  analysis  of  aged  clay  minerals  used  in  Parts  I,  II  and 
III  of  the  study  have  shown  that  detectable  amounts  of  intergrade 
minerals  did  not  form  in  any  of  the  systems  studied.  However  the 
"7A"  peak  observed  in  several  montmorillonite  samples  after  aging 
(figures  31,  32,  36,  39,  40,  45,  46,  47,  49)  does  suggest  that 
possibly  a  new  alumino-silicate  mineral  was  formed  in  these  systems 
The  occurence  of  the  peak  in  the  region  of  12.5  degrees  29  (7  .08A) 
suggests  a  "kaolin-like"  mineral.  Visser  et_  al_  (1965)  has  reported 
observing  a  similar  peak  in  X-ray  diffraction  patterns  of  Arizona 
montmorillonite  which  had  been  subjected  to  anaerobic  incubation  in 
decomposing  organic  matter.  It  was  suggested  that  the  new  material 
responsible  for  the  "7A"  peak  had  formed  from  silica  and  alumina 
released  through  the  decomposition  of  the  montmorillonite  structure 
Such  a  process  is  feasible  since  it  is  doubtful  whether  products 
like  Si02  and  AI2O3  remain  soluble  for  long  after  their  separation 
from  the  crystal  lattice  of  clay  minerals  (Barshad,  1960).  Of  thes 
products,  Si02  is  probably  the  most  soluble,  particularly  when 
separated  from  structures  with  independent  silica  tetrahedrons  or 
from  structures  that  break  up  into  smaller  units.  Under  leaching 
conditions  and  pH  values  ranging  from  6  to  8,  some  of  this  Si02 
may  be  completely  removed  from  the  site  of  decomposition,  but  a 
large  part  may  remain  in  place  and  together  with  AI2O3  can  form 
the  framework  of  new  clay  minerals . 

In  pH  conditions  ranging  from  7.4  to  4.5,  the  AI2O3  will 
separate  from  decomposing  clay  minerals  as  polymerized  complex 
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hydroxy  ions  and  colloidal  hydroxides.  Since  colloidal  Si02  is 
negatively  charged,  and  colloidal  AI2O3  are  positively  charged,  and 
particularly  the  polymerized  hydroxy  ions,  it  is  possible  that  they 
can  interact  to  form  new  clay  minerals.  The  kind  of  clay  mineral  to 
form  would  depend  on  the  ratio  of  Si02  to  AI2O3,  the  pH  of  the 
medium  and  the  nature  of  the  cations  present  in  the  medium.  Accord¬ 
ing  to  Barshad  (1960)  a  medium  high  in  exchangeable  and  soluble  Ca^+ 

Oi 

and  Mg^  ,  pH  (pH  7  or  greater) ,  promotes  the  formation  of  montmorillonite 
minerals  . 

On  the  other  hand,  a  medium  in  which  the  proportion  of  colloid¬ 
al  Si02  and  AI2O3  is  less  than  2,  with  a  pH  of  7  or  less,  and  which  is 
low  in  basic  exchangeable  and  soluble  bases  such  as  Ca^+  and  Mg^+,  would 
tend  to  favor  the  formation  of  kaolin  type  minerals. 

In  view  of  the  above,  the  observation  that  the  material  respon¬ 
sible  for  the  "7A"  peak  (observed  in  the  present  study)  occurred  only 
in  those  montmorillonite  systems  in  which  either  Na+  or  Li+  was  the 
predominant  exchangeable  cation,  lends  credence  to  the  idea  that  the 
peak  was  caused  by  a  "kaolin-like"  mineral  formed  from  decomposition 
products  of  montmorillonite. 

In  further  support  of  this  idea  is  work  done  by  Altschuler 
(1963)  .  He  found  that  kaolinization  of  montmorillonite  begins  as  a 
hexagonal  modification  of  the  edges  of  montmorillonite  flakes.  X-ray 
study  showed  that  the  montmorillonite  gradually  degrades  with  the 
appearance  of  a  7 . 2A  kaolinite  reflection  and  a  very  small  20-21A 
reflection.  The  degraded  montmorillonite  loses  silica  and  gains 
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alumina  and  water.  The  degradation  of  the  montmorillonite  appeared 
to  be  induced  by  the  leaching  action  of  slightly  acid  ground  water 
on  the  silica  tetrahedral  layers.  The  resulting  montmoril Ionite  - 
kaolinite  responded  as  montmorillonite  does  to  glycolation  and 
heating . 

The  results  are  in  accord  with  those  of  the  present  study. 

Aged  montmorillonite  samples  which  showed  the  "7A"  peak  expanded 
on  glycolation  and  collapsed  on  K-saturation  and  heating.  In  addition 
these  samples  showed  a  suggestion  of  a  small  20-21A  reflection 
(4.2  -  4.4  degrees  29)  referred  to  by  Altschuler  (1963)  although  the 
significance  of  these  reflections  is  a  bit  dubious. 
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Differential  Thermal  Analysis 

Figures  63  to  65  show  differential  thermal  analysis  (D.T.A.) 
curves  of  Fithian  illite,  montmoril Ionite ,  and  hectorite  used  in 
Part  I  of  the  study.  The  D.T.A.  curves  were  obtained  after  the 
samples  had  been  a ged  in  distilled  water.  Immediately  prior  to  analysis 
each  sample  was  mixed  with  approximately  60%  by  weight  of  ^-alumina. 

Aged  Fithian  illite  samples  (figure  63)  showed  the  presence 
of  small  endotherms  in  the  region  380°C  to  420°C  (curves  2  to  5)  , 
which  were  not  present  in  unaged  Fithian  illite  (curve  1) .  Na  and 
Mg-illite  samples  aged  at  80°C  (curves  2  and  4)  showed  small  endotherms 
at  approximately  300°C.  The  occurrence  of  endotherms  at  360°C  and 
470°C  in  D.T.A.  patterns  of  montmoriloonite  (Upton,  Wyoming),  pre¬ 
viously  treated  with  AICI3  and  NaOH  solutions,  has  been  attributed 
to  the  presence  of  Al-hydroxy  interlayers  (Barnhisel  and  Rich,  1963)  . 
X-ray  patterns  of  the  montmoril Ionite  showed  a  strong  peak  at  13. 8A 
which  was  also  attributed  to  Al-hydroxy  interlayer ing  (Barnhisel  and 
Rich,  1963).  X-ray  patterns  of  the  illite  samples  (figures  22  -  25) 
responsible  for  the  D.T.A.  patterns  in  figure  63  did  not  show  any 
definite  indications  of  interlayering .  Consequently  it  is  doubtful 
that  the  endotherms  at  300°C,  380°C  and  420°C  can  be  directly  related 
to  Al-hydroxy  interlayer ing .  However  they  could  be  due  to  the 
presence  of  decomposition  products  released  through  weathering  of 
the  illite. 

D.T.A.  curves  of  aged  Arizona  montmorillonite  samples  (figure 
64)  did  not  show  the  presence  of  any  endothermic  peaks  not  common  to 
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Figure  63.  Differential  thermographs  of  Fithian  illite. 

(1)  Standard  Na-illite,  no  treatment. 

(2)  Na  saturated  and  aged  78  days  at  80^0. 

(3)  Na  saturated  and  aged  70  days  at  40  C. 

(4)  Mg  saturated  and  aged  78  days  at  80°C. 

(5)  Mg  saturated  and  aged  70  days  at  40  C. 
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unaged  montmor illonite  (curve  1,  figure  64).  However  Na-montmor- 
illonite  aged  at  80°C  (curve  2)  did  show  an  exotherm  at  about  400°C . 
This  exotherm  may  be  associated  with  the  "7A"  peak  observed  in  X-ray 
patterns  of  this  sample  (figure  18),  although  this  is  uncertain. 

Na -montmor illonite  samples  aged  at  40°C  (curve  2)  did  not  show  an 
exotherm  at  400°C,  and  X-ray  patterns  of  this  sample  (figure  19) 
did  not  contain  a  "7A"  peak. 

Aged  hectorite  samples  (figure  65)  showed  a  very  small  endo- 
therm  at  approximately  300°C  .  This  endotherm  was  slightly  more 
intense  for  Mg-hectorite  aged  at  80°C  and  may  indicate  the  presence 
of  small  amounts  of  poorly  crystallized  Mg(0H)2-  In  other  respects 
the  D.T.A.  curves  of  aged  hectorite  samples  were  generally  similar 
to  unaged  hectorite  (curve  1,  figure  65),  although  the  aged  samples 
did  show  a  slight  lowering  in  the  temperature  at  which  the  main 
dehydroxylation  endotherm  occurred.  Such  an  effect  is  caused  by 
weathering  of  the  clay  lattice. 

The  results  of  differential  thermal  analysis  (D.T.A.)  of 
clay  samples  used  in  Part  II  and  Part  III  of  the  study  are  shown 
in  figures  66  to  75.  These  samples  were  not  diluted  with ^-alumina 
prior  to  analysis. 

Clay  samples  which  were  originally  Na-saturated  (figures  66 
and  67)  did  not  show  the  presence  of  any  endothermic  peaks  which 
could  be  attributed  to  the  presence  of  interlayer-hydroxy  material. 
However,  aged  Na-clay  samples  did  show  a  gradual  loss  of  water  over 
the  temperature  interval  120°C  to  250°C.  Na-montmorillonite  samples, 
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Differential  thermographs  of  Arizona  montmor i 1 Ionite . 

(1)  Standard  Mg-montmorillonite ,  no  treatment. 

(2)  Na  saturated  and  aged  78  days  at  80  C. 

(3)  Na  saturated  and  aged  70  days  at  40  C. 

(4)  Mg  saturated  and  aged  78  days  at  80°C. 

(5)  Mg  saturated  and  aged  70  days  at  40  C. 


Figure  64. 
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Figure  65.  Differential  thermographs  of  hector ite. 


(1)  Standard  Na-hectorite,  no  treatment 

(2)  Na  saturated  and  aged  78  days  at  80^0. 

(3)  Na  saturated  and  aged  70  days  at  40qC . 

(4)  Mg  saturated  and  aged  78  days  at  80qC. 

(5)  Mg  saturated  and  aged  70  days  at  40  C. 
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aged  in  1  N  and  0.05  N  Na2SO^  solutions  at  80°C  (figure  66,  curves 
2  and  3)  showed  dehydroxylation  endotherms  at  690°C  and  also  at 
900°C  which  were  considerably  less  intense  than  those  shown  by  the 
unaged  standard  Na-montmorillonite .  This  may  be  an  indication  of  a 
decrease  in  crystallinity  of  these  samples  as  a  result  of  weathering 
during  aging.  Na-montmorillonite  samples  aged  at  40°C  (figure  67) 
did  not  show  any  change  in  the  intensity  ot  the  690°C  endo therm  of 
of  the  endotherm-exo therm  feature  at  900°C .  However  these  samples 
also  showed  a  very  gradual  water  loss  in  the  region  from  180°C  to 
300°C  which  was  different  from  the  rate  shown  by  unaged  Na-mont¬ 
morillonite  . 

D.T.A.  curves  of  aged  Li-montmoril Ionite  samples  (figures 
68  -  70)  did  not  differ  significantly  from  unaged  standard  Li-mont- 
morillonite  except  for  the  sample  aged  at  80°C  in  1  N  L^SO^  (figure 
70,  curve  3) .  This  sample  showed  an  intense  low  temperature  endotherm¬ 
ic  reaction  followed  by  a  sharp  intense  endotherm  at  555°C.  The  de¬ 
hydroxylation  peak  at  680°C  was  not  changed,  however  a  high  temper¬ 
ature  endotherm  occurred  at  790°G  overlapped  by  an  exotherm  at  840°C . 
The  sharp  symmetrical  nature  of  the  555°C  endotherm  suggests  the 
presence  of  a  well  crystallized  material.  However  X-ray  patterns  of 
the  sample  (figure  45)  did  not  show  any  peaks  which  could  be  attribu¬ 
ted  to  the  presence  of  such  a  material.  The  X-ray  diffraction 
patterns  did  show  a  "7A"  peak  which  was  not  present  in  X-ray  diffrac¬ 
tion  patterns  of  unaged  Arizona  montmorillonite ,  however  Li-mont- 
morillonite  samples  aged  in  0.05  N  L^SO^  at  80°C  (figure  46)  also 
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Figure  66 .Differential  thermographs  of  Na-montmor il Ionite .  (1)  Standard 

Na-montmor illonite ,  no  treatment.  (2)  Aged  70  days  at  80  C  in 

distilled  ILO.  (3)  Aged  68  days  at  80°C  in  IN  Na^SO, .  14)  Aged 
68  days  at  80  C  i.n0.05N  Na„S0  (5)  Aged  65  days  at  80  C  in 
IN  NaC  1 .  (6)  Aged  65  days  at  80°C  inQ.05N  NaCl. 
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Figure6.7i.  Differential  thermographs  of  Na-montmorillonite .  (1)  Standard 
1  *  o 

Na-montmorillonite,  no  treatment.  (2)  Aged  74  days  at  40  C  in 

distilled  H20o  (3)  Aged  72  days  at  40°C  in  IN  Na9S0. .  (4)  Aged 

72  days  at  40  C  in  0. 05N  Na^SO  Z  4 

J  2  4 
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Figure  68  Differential  thermographs  of  Li-montmorillonite .  (1)  Standard 

Li-montmoril Ionite,  no  treatment.  (2)QAged  70  days  at  80  C  in 
distilled  HO.  (3)  Aged  58  days  at  80  C  in  IN  Li  SO  .  (4)  Aged 
58  days  at  80°C  in  Q.  05N  Li^SO^. 
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Figure  70.  Differential  thermographs  of  Li-montmor illonite .  (1)  Standard 

Li-montmorillonite,  no  treatment.  (2)  Aged  70  days  at  40  C  in 
distilled  H^O .  (3)  Aged  58  days  at  40°C  in  IN  Li^SO^. 
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showed  an  endothermic  reaction  at  555°C.  In  view  of  these  anomolies 
no  explanation  can  presently  be  given  for  the  occurrence  of  this 
endotherm. 

Figures  71  to  73  show  D.T.A.  curves  of  aged  Mg-montmorillonite 
samples.  In  general  the  curves  did  not  differ  significantly  from 
standard  unaged  Mg-montmorillonite,  however  Mg-montmorillonite  aged 
at  80°C  in  1  N  MgSO^  (figure  71,  curve  3)  showed  a  small  endothermic 
peak  at  300°C  and  an  extremely  intense  high  temperature  endotherm 
at  1000°C.  These  features  may  indicate  the  presence  of  some  form 
of  hydroxy-interlayer  material.  Samples  aged  in  1  N  MgCl2  solu¬ 
tions  (figure  72,  curve  5)  showed  a  very  gradual  loss  of  water  in 
the  range  240°C  to  500°C .  This  was  probably  due  to  the  presence 
of  amorphous  colloidal  material  formed  during  aging  of  the  sample. 

D.T.A.  curves  of  aged  Ca-montmorillonite  systems  (figures 
74  and  75)  showed  a  small  exothermic  peak  at  300°C  which  was  not 
present  in  D.T.A.  curves  of  standard  unaged  Ca-montmorillonite. 

The  peak  was  most  pronounced  in  samples  which  had  been  aged  in 
distilled  water  and  0.028  N  sulphate  solutions  (curves  2  and  3  in 
figures  74  and  75) .  This  was  true  regardless  of  whether  the  samples 
had  been  aged  at  80°C  or  at  40°C .  In  all  other  respects  D.T.A. 
curves  of  aged  Ca-montmorillonite  samples  did  not  differ  signifi¬ 
cantly  from  curves  for  standard  unaged  Ca-montmorillonite. 
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Figure  71,  Differential  thermographs  of  Mg-montmor illonite .  (1)  Standard 

Mg-montmor illonite ,  no  treatment.  (2^  Aged  70  days  at  80  C  in 
distilled  1^0.  (3)  Aged  68  days  at  80  C  in  IN  MgSO^. 
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Figure  72.  Differential  thermographs  of  Mg-montmorillonite .  (4)  Aged  68  days 
at  80°C  inQ05N  MgSO  .  c(5)  Aged  65  days  at  80°C  in  IN  MgCl 
(6)  Aged  65  days  at  o0  C  inQ.  05N  MgCl^. 
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Figure  73.  Differential  thermographs  of  Mg-montmor illonite .  (1)  Standard 

Mg-montmor illonite ,  no  treatment.  (2)  Aged  74  days  at  40  C  in 
distilled  HO.  (3)  Aged  58  days  at  40°C  in  IN  MgSO  .  (4)  Aged 
58  days  at  40°C  in  0. 05N  MgSO^. 
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distilled  H  O.  (3)  Aged  58  days  at  40°C  in  0. 028N  CaSO  .  (4)  Aged 
58  days  at  40  C  in  0. 0014N  CaSO^. 
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Cation  Exchange  Capacity 

Table  7  shows  the  cation  exchange  capacities  (C.E.C.)  of 
clay  samples  used  in  Part  II  and  Part  III  of  the  study.  C.E.C. 
values  were  determined  after  the  clay  samples  had  been  aged,  and 
were  arrived  at  by  summing  the  mill iequivalents  of  cations  displaced 
by  1  N  KCl . 

The  results  of  C.E.C.  determinations  indicate  that  hydroxy- 
A1  or  hydroxy-Mg  interlayers  did  not  form  in  any  of  the  systems 
studied.  The  formation  of  such  interlayers  is  accompanied  by  de¬ 
creases  in  C.E.C.  (Jackson,  1963).  In  the  present  study  aged  clay 
samples  generally  showed  increases  in  C.E.C.  The  magnitude  of  the 
increase  depended  on  the  environment  in  which  the  clay  samples  had 
been  aged,  and  also  on  the  temperature  at  which  they  were  aged. 

Na-montmor illonite  aged  at  80°C  in  distilled  water  showed 
a  small  increase  in  C.E.C.  of  approximately  12  m.e.  per  100  gms  of 
clay  relative  to  unaged  montmor illonite .  The  Na  sample  aged  at 
40°C  in  distilled  water  showed  no  change  in  C.E.C.  Aging  Na-mont- 
morillonite  samples  at  80°C  in  Na+  salt  solutions  resulted  in  sub¬ 
stantial  increases  in  C.E.C.  This  effect  was  especially  apparent 
for  samples  which  had  been  aged  in  1  N  Na2S0^  and  1  N  NaCl  solutions. 
Relative  to  unaged  standard  montmor il. Ionite  these  samples  showed 
increases  in  C.E.C.  of  the  order  of  50  m.e.  per  100  gms  of  clay. 
Na-montmorillonite  samples  aged  at  40°C  in  sulphate  and  chloride 
salt  solutions  also  showed  increases  in  C.E.C.  but  to  a  smaller 
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Clay 

Conditions  of 

Exchangeab le 

Cations 

Sample 

Aging 

m.e./lOO  grams  clay 

+ 

++ 

++ 

+ 

,+++ 

Na 

Mg 

Ca 

Li 

A1 

C.E.C 

Na-montmoril Ionite 

unaged,  standard 

90.3 

5.2 

1.2 

/ 

/ 

96.7 

f  1 

water,  80°C 

90.2 

17.1 

1.6 

/ 

/ 

108.9 

f  1 

IN  Na?S0  ,  80°C 

155.0 

1.8 

/ 

/ 

/ 

156.8 

ft 

0.05N  Na4S0  80°C 

IN  NaCl,Z804  °C 

125.2 

2.1 

/ 

/ 

/ 

127.3 

II 

142.9 

2.3 

/ 

/ 

/ 

145.2 

II 

0.05N  NaC 1,  80  C 

116.3 

8.5 

2.6 

/ 

/ 

127.4 

Li-montmoril Ionite 

water,  80°C 

4.2 

16.3 

1.4 

76.5 

/ 

94.4 

II 

II 

It 

IN  Li  SO  80°C 

0.05N  Li4S0  80°C 

IN  LiCl,Z804  °C 

4.6 

3.3 

3.8 

3.7 

5.7 
2.6 

2.9 

3.5 

/ 

157.8 

74.5 

74.6 

/ 

/ 

/ 

168.9 

87.0 

81.0 

It 

0.05N  LiC 1,  80°C 

3.2 

8.9 

/ 

93.1 

/ 

105.2 

Mg-montmoril Ionite 

water,  80°C 

4.6 

103.0 

2.9 

/ 

/ 

110.5 

II 

IN  MgSO  80°C 

0.05N  MgSO  ,  80°C 

IN  MgCl  ,  80°C 

3.6 

126.6 

/ 

/ 

/ 

130.2 

II 

3.8 

115.5 

2.8 

/ 

/ 

122.1 

II 

3.3 

107.1 

/ 

/ 

/ 

110.4 

II 

0.05N  MgCl2,  80°C 

5.9 

90.5 

/ 

/ 

/ 

96.4 

Ca-montmor i 1 Ionite 

water,  80°C 

3.5 

16.1 

76.1 

/ 

/ 

95.7 

II 

0.028N  CaSO  ,  80  C 

3.5 

5.1 

93.3 

/ 

/ 

101.9 

It 

0.0014N  CaSO  ,80°C 
IN  CaCl  ,  804  C 

4.1 

7.2 

78.8 

/ 

/ 

90.1 

II 

3.1 

1.5 

99.3 

/ 

/ 

103.9 

II 

0.05N  CaCl2,  80°C 

2.6 

2.9 

95.6 

/ 

/ 

101.1 

Na-montmoril Ionite 

water,  40°C 

IN  Na  SO  ,  40°C 

0.05NZNa?S0. ,  40°C 

2  4 

87.9 

5.6 

2.2 

/ 

/ 

95.7 

II 

II 

116.4 

113.9 

3.9 

3.9 

/ 

1.1 

/ 

/ 

/ 

/ 

120.3 

118.9 

Li-montmoril Ionite 

water,  40°C 

4.7 

5.2 

/ 

90.7 

/ 

100.6 

II 

IN  Li  SO  ,  40°C 

0.05  Li  SO  ,  40°C 

2  4 

1.8 

2.4 

/ 

136.2 

/ 

140,4 

11 

1.2 

3.1 

/ 

125.2 

/ 

129.5 

Mg-montmorillonite 

water,  40°C 

IN  MgSO  ,  40°C 

0.05N  MgS04,  40°C 

2.2 

91.3 

2.5 

/ 

/ 

96.0 

II 

1.9 

124.2 

/ 

/ 

/ 

126.1 

11 

5.4 

104.4 

/ 

/ 

/ 

109.8 

Ca-montmoril Ionite 

o 

water,  40  C 

0.028N  CaSO  ,  40°C 

2.4 

2.9 

98.6 

/ 

/ 

103.9 

II 

2.8 

3.2 

114.4 

/ 

/ 

120.4 

11 

0.0014N  CaSO. , 40°C 

4 

1.7 

2.7 

101.5 

/ 

/ 

105.9 

/=Not  detected 

Table  7 . -Exchangeab le  cations  and  cation  exchange  capacity  (C.E.C.)  of  aged 
homionic  montmorillonite  samples  used  in  Part  II  and  Part  III. 
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Aging  Li-montmoril Ionite  samples  in  Li-salt  solutions  had 
a  variable  effect  on  C.E.C.  Samples  aged  in  1  N  L^SO^  at  80°C 
and  at  40°C  showed  substantial  increases  in  C.E.C.  (72  and  44  m.e. 
per  100  gms  of  clay),  the  effect  being  greater  for  the  sample  aged 
at  80°C .  Aging  Li-montmor illonite  in  0.05  N  L^SO^  and  1  N  LiCl 
resulted  in  decreases  in  C.E.C.  of  approximately  9  and  16  m.e. 
respectively,  per  100  grams  of  clay.  Li-montmorillonite  aged  at 
80°C  and  at  40°C  in  distilled  water  showed  essentially  no  change 
in  C.E.C. 

Mg  and  Ca-montmorillonite  samples  aged  in  sulphate  solutions 
generally  showed  increases  in  C.E.C.,  the  effect  being  greater  in  Mg 
systems,  although  the  magnitude  of  the  increase  for  the  above  samples 
was  considerably  smaller  than  that  shown  by  corresponding  Na  and  Li 
systems.  Montmor illonite  samples  aged  at  80°C  in  1  N  calcium  and 
magnesium  chloride  solutions  showed  only  small  increases  in  C.E.C. 
relative  to  unaged  montmorillonite .  Samples  aged  at  80°C  and  at 
40°C  in  distilled  water  showed  essentially  no  change  in  C.E.C. 

The  observed  increases  in  C.E.C.  of  aged  montmorillonite 
samples  is  attributed  to  the  presence  of  the  alumino-silicate  pre¬ 
viously  detected  in  X-ray  diffraction  patterns.  It  was  postulated 
that  the  material  had  formed  from  decomposition  products  of  mont¬ 
morillonite.  When  developed  in  an  environment  free  from  anions 
such  a  material  would  be  able  to  achieve  a  greater  degree  of  order 
and  crystallinity  than  would  be  the  case  when  anions  were  present. 

O  i 

Sulphate  anions  in  particular  can  react  with  and  complex  A1J  ions 
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with  the  possible  formation  of  basic  aluminum  sulphate.  Such  a 
reaction  would  interfere  with  recombination  of  any  colloidal  SiC>2 
and  AI2O3  released  by  weathering  processes,  and  would  tend  to  cause 
the  precipitation  of  amorphous  material.  Such  material  could  pro¬ 
vide  new  cation  exchange  sites.  Consequently  it  is  proposed  that 
the  mechanism  by  which  Cl  and  SO^  anions  (particularly  SO^  ) 
produced  the  increases  in  C.E.C.  was  anion  interference  during 
formation  of  the  "7A"  alumino-s ilicate .  It  is  suggested  that  this 
interference  resulted  in  increasing  the  amorphous  nature  of  the 
"7A"  material  thereby  contributing  to  the  production  of  new  cation 
exchange  sites. 

The  results  of  X-ray  diffraction  analysis  appear  to  support 
this  mechanism,  because  those  clay  systems  which  showed  the  presence 
of  a  "7A"  peak  also  showed  substantial  increases  in  C.E.C.  In  ad¬ 
dition  the  increases  in  C.E.C.  were  greatest  for  Na  and  Li-mont- 

2 

morillonite  samples  which  had  been  aged  in  1  N  SO4  salts.  This 
further  supports  the  proposed  mechanism. 

The  relatively  small  increase  in  C.E.C.  for  Na-montmorillonite 
samples  aged  in  distilled  water  at  80°C ,  and  the  lack  of  any  signifi¬ 
cant  change  in  C.E.C.  of  Li-montmor illonite  samples  which  were  also 
aged  in  water,  and  yet  showed  the  presence  of  the  "7A"  material, 
suggests  that  the  proposed  mechanism  fails.  However  the  material 
formed  in  these  systems  would  tend  to  be  more  ordered  and  crystalline 
due  to  the  absence  of  anions,  and  thus  may  not  develop  any  apprecia¬ 


ble  cation  exchange  capacity. 
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la  addition  to  the  above  mechanism,  there  also  exists  the 
possibility  that  small  amounts  of  an  X-ray  amorphous  alumino-sil- 
icate  of  the  allophane  type  developed  on  aging  of  the  samples.  It 
may  be  that  anions  encouraged  the  formation  of  such  material,  es¬ 
pecially  when  present  in  Na  and  Li  systems.  An  alumino-silicate 
of  this  nature  could  possess  cation  exchange  sites  and  thus  cause 
an  increase  in  the  C.E.C.  of  aged  clay  samples. 

Infra-red  Analysis 

Infra-red  analysis  was  conducted  on  aged  clay  samples  from 
Parts  II  and  III  of  the  study  using  the  KBr  pressed  pellet  technique. 
However  infra-red  traces  for  different  samples  failed  to  show  any 
significant  differences,  consequently  these  results  are  not  included. 
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V.  SUMMARY  AND  CONCLUSIONS 

Suspension  pH  curves  obtained  in  Part  I  of  the  study  indicated 
that  when  initially  Na  saturated,  the  magnitude  of  suspension  pH  for 
samples  of  Arizona  montmorillonite ,  hectorite  and  Fithian  illite  was 
in  the  order  Na-hectorite^  Na-montmor illonite  =  Na-illite.  When  the 
clays  were  initially  Mg  saturated  this  order  was  Mg-hectorite ^ Mg- 
montmorillonite  ^Mg-illite . 

Suspension  pH  curves  obtained  in  Part  II  of  the  study  showed 
that  the  magnitude  of  suspension  pH  for  samples  of  homionic  Arizona 
montmorillonite  varied  in  the  order  Na -montmorillonite  =  Li-montmor- 
illonite ^ Ca-montmorillonite ^Mg -montmorillonite .  The  addition  of 
sulphate  and  chloride  salts  to  suspensions  of  these  clays  resulted 
in  a  substantial  decrease  in  the  initial  suspension  pH.  Generally 
chloride  salts  produced  the  greatest  effect. 

Aging  the  clay  suspensions  at  80°C  resulted  in  a  decrease  in 
suspension  pH  with  time.  The  results  obtained  in  Part  I  showed  that 
the  rate  of  change  in  pH  was  essentially  the  same  for  Na-montmoril Ionite , 
Na-illite  and  Na-hectorite  samples.  For  Mg-saturated  samples  the  rate 
of  change  in  pH  was  in  the  order  Mg-montmorillonite  =  Mg-ill ite ^Mg- 
hectorite.  In  Part  II  of  the  study  the  rate  of  change  in  pH  for  hom¬ 
ionic  suspensions  of  Arizona  montmorillonite  was  in  the  order  Mg-mont¬ 
morillonite  ^Li-montmorillonite  >Na-montmorillonite  >Ca-montmorillonite . 
Aging  homionic  montmorillonite  suspensions  in  sulphate  and  chloride  sol¬ 
utions  at  80°C  resulted  in  an  initial  buffering  effect  followed  by  de¬ 
creases  in  suspension  pH,  the  rate  of  decrease  being  much  more  rapid  in 
sulphate  systems.  Changing  the  concentration  of  anions  produced 
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changes  in  suspension  pH  curves  which  depended  on  the  original  cation 
saturation  of  the  clay  and  the  nature  of  the  anion. 

Suspensions  aged  at  40°C  showed  very  little  change  in  suspen¬ 
sion  pH  with  time.  This  was  true  for  clay  systems  used  in  Parts  I, 

II  and  III  of  the  study,  regardless  of  the  presence  or  absence  of 
salts  . 

X-ray  diffraction  analysis  of  aged  clay  samples  did  not  show 
any  definite  indications  of  the  formation  of  hydroxy-Al  or  hydroxy-Mg 
interlayers.  However  X-ray  patterns  of  aged  Na  and  Li-montmorillonite 
samples  showed  the  presence  of  a  "7A"  peak  which  was  not  present  in 
samples  of  unaged  montmorillonite .  This  "7A"  peak  was  attributed 
to  an  alumino-silicate  (Kaolin-like)  formed  from  decomposition 
products  of  montmorillonite. 

Differential  thermal  analysis  (D.T.A.)  of  aged  clay  samples 
also  did  not  show  any  definite  indications  of  the  presence  of  hydroxy- 
Al  or  hydroxy-Mg  interlayers.  However  several  clay  samples  did  show 
endothermic  peaks  which  were  attributed  to  decomposition  products  of 
the  clay.  This  was  especially  true  of  clay  samples  which  had  been 
aged  at  80°C  .  Cation  analysis  of  the  supernatants  of  clay  samples 
used  in  Part  I  and  Part  II  of  the  study  generally  supported  the  idea 
of  decomposition  of  the  clay  lattices. 

Cation  exchange  capacity  analysis  (C.E.C.)  performed  on  aged 
clay  samples  used  in  Parts  II  and  III  of  the  study  showed  that  none 
of  the  samples  exhibited  any  appreciable  decrease  in  C.E.C.  On  the 
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contrary  most  samples  showed  increases  in  C.E.C.  relative  to  unaged 
clay.  This  effect  was  most  noticeable  for  samples  that  had  been  aged 
in  sulphate  and  chloride  solutions.  The  increase  in  C.E.C.  was 
attributed  to  the  presence  of  small  amounts  of  the  alumino- silicate 
responsible  for  the  "7A"  peak  observed  in  X-ray  diffraction  patterns, 
and  also  to  the  possible  presence  of  an  X-ray  amorphous  alumino¬ 
silicate  of  the  allophane  type. 

On  the  basis  of  the  results  of  X-ray  diffraction  analysis, 
D.T.A.,  cation  analysis  and  C.E.C.  determinations  it  is  concluded  that 

1.  Formation  of  stable  Al-hydroxy  and  Mg-hydroxy  interlayers 
did  not  occur  in  any  of  the  clay  systems  studied. 

2.  The  clay  minerals  underwent  hydrolysis  and  weathering  reactions 
which  were  strongly  dependent  on  temperature.  These  reactions 
were  also  influenced  by  the  nature  of  the  clay  mineral,  nature 
of  the  initial  saturating  cation,  and  the  kind  and  quantity  of 
anions  present  in  the  system. 

3.  An  alumino- silicate  of  the  ''kaol  in- type"  was  formed  from 
decomposition  products  of  montmorillonite .  The  formation  of 
this  material  was  dependent  on  the  nature  of  the  exchangeable 
and  soluble  cations  present  in  the  system. 

The  results  of  this  study  indicate  that  a  variety  of  reactions 
occur  during  the  weathering  of  clay  minerals.  It  would  be  interesting 
to  attempt  to  determine  the  mechanisms  involved  in  such  reactions, 
and  to  correlate  these  with  specific  cation  and  anion  environments. 

For  instance  it  is  well  known  that  the  planar  (hko)  surface  of 


. 
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clay  minerals  consists  of  a  hexagonal  array  of  oxygen  atoms  bonded 
to  Si  in  tetrahedral  coordination.  At  the  bottom  of  each  of  these 
hexagonal  cavities  is  a  hydroxyl  ion  and  below  this  an  aluminum  ion. 
Theoretical  considerations  indicate  that  the  H30+  ion  is  approximately 
the  same  size  as  the  K+  ion.  The  K+  ion  is  easily  fitted  into  the 
hexagonal  oxygen  network  of  clay  minerals  and  tends  to  become  fixed  in 
these  positions.  Thus  it  seems  reasonable  to  assume  that  H^O"^  ion  may 
show  a  similar  behavior.  If  this  was  the  case  then  a  series  of  steps 
may  be  involved  in  the  weathering  reactions  of  clay  minerals. 

Weathering  of  the  clay  minerals  would  be  initiated  by  the 
formation  of  1130"*’  ions  could  arise  either  through  the  presence  of 
strong  mineral  acids  such  as  l^SO^,  through  the  hydrolysis  of  cationic 

O  1 

species  such  as  AlCt^O)^  or  possibly  by  the  hydrolysis  of  cation- 
clay  systems  through  a  reaction  such  as: 

Mn+  -clay  +  H20  ->  H-clay  +  MOH^"1^  [7J 

Formation  and  subsequent  adsorption  of  ions  produced  by 

the  above  reactions  could  be  followed  by  fixation  of  1130"*"  at  the 
hexagonal  oxygen  sites  on  the  (hko)  planar  surface  of  the  clay 
minerals,  and  also  at  crystal  edge  sites  (Jackson,  1960).  Thus 
hydrogen  ions  could  react  with  hydroxyls  either  at  clay  crystal 
edges  or  at  the  bottom  of  the  hexagonal  cavities,  forming  water, 
which  may  or  may  not  move  immediately  away  from  the  lattice,  leaving 
a  hole  or  broken  bond  (Jackson,  1960)  .  Additional  hydrogen  ions 
could  then  react  with  the  silica  or  A1  bonds  freeing  A1  so  it  could 
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move  away  from  the  clay  lattice.  It  is  possible  that  continued 
reaction  of  hydrogen  ions  with  the  clay  lattice  would  result  in  the 
release  of  monomers,  dimers  and  polymers  of  silicic  acid  by  the 
breakage  of  Si-O-Al  bonds.  Such  bond  rupture  could  result  in  the 
release  of  fairly  large  fragments  of  the  original  clay  lattice  with 
the  resultant  production  of  complex  alumino- silicates  (Jackson,  1960). 


The  weathering  mechanism  postulated  above  would  be  affected  by 


a  variety  of  factors.  For  instance  the  nature  of  the  exchangeable 
cation  associated  with  the  clay  mineral  would  be  expected  to  affect 
such  a  mechanism.  Different  exchangeable  cations  would  vary  in  their 
ability  to  cause  polarization  of  water  molecules  present  in  the 
interlayer  space  of  the  clay  mineral,  or  directly  associated  with  the 
exchangeable  cation  as  water  of  hydration.  This  variation  in  the 
ability  to  polarize  water  molecules  would  in  turn  affect  the  ease  of 
formation  of  H30+  through  hydrolysis  reactions.  In  addition  the 
strength  of  bonding  between  the  adsorbed  cation  and  the  clay  surface 
would  determine  the  ease  with  which  reactions  such  as 


could  occur. 

The  presence  of  anions  would  also  have  an  effect  on  the  weather¬ 
ing  mechanism.  This  would  be  especially  true  in  the  case  of  anionic 
species  such  as  S042_  and  H2P04  or  HP04=.  These  anions  can  form 


stable  highly  insoluble  salts  with  Al3  .  Since  Al3+  is  the  cation 


most  commonly  present  in  the  octahedral  layer  of  clay  minerals,  the 
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formation  of  such  salts  during  clay  weathering  would  tend  to  acceler¬ 
ate  weathering  reactions  by  effectively  removing  Al^+  from  the  site 
of  lattice  decomposition  and  thus  preventing  any  equilibration 
process  whereby  Al^+  could  be  reincorporated  into  the  clay  lattice. 

Temperature  would  also  have  an  effect  on  weathering  reactions. 

The  reactions  whereby  Si-O-Al  bonds  are  broken  in  clay  lattice  decomp¬ 
osition  reactions  would  be  expected  to  have  high  activation  energies. 
Consequently  any  increase  in  temperature  should  cause  an  increase  in 
the  rate  at  which  such  reactions  occur  by  providing  an  energy  pool.- 
Increasing  the  temperature  may  also  cause  the  activation  of  new 
weathering  mechanisms  by  providing  the  energy  necessary  to  rupture 
high  energy  bonds . 

Although  the  above  discussion  is  purely  hypothetical,  the  results 
obtained  in  the  present  study,  while  not  extensive  enough  to  allow 
the  establishment  of  definite  weathering  mechanisms,  do  indicate  that 
such  mechanisms  are  highly  complex  and  probably  involve  a  series  of 
different  reactions.  The  experimental  results  have  shown  that  such 
reactions  are  affected  by  temperature,  nature  of  the  saturating  cation, 
kind  and  quantity  of  anions  present,  and  the  nature  of  the  clay 
mineral.  On  the  basis  of  these  results  it  would  be  interesting  in 
future  work  to  study  the  effect  of  successive  cation  saturations  on 
the  weathering  reactions.  The  effect  of  different  anions  and  anion 
concentrations  should  also  be  studied  more  extensively.  Kinetic 
studies  could  b  e  done  in  order  to  determine  the  mechanisms  involved 
in  the  weathering  reactions.  In  addition  the  application  of 
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thermodynamics  to  soil  colloidal  systems  should  be  attempted. 
Thermodynamics  plays  a  major  part  in  the  weathering  reactions  of 
clay  minerals.  Consequently  future  work  should  involve  the  construc¬ 
tion  of  model  systems  and  from  them  deduce  the  thermodynamic  behavior 
of  the  model.  Such  systems  would  provide  the  basis  for  theoretical 
predictions  which  could  then  be  directly  compared  with  experimental 
resul ts . 
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APPENDIX 


Table  la.  Conversion  Table  for  Degrees  29  to  d-spacing  in 
Angstrom  Units  (for  CuKot  Radiation) 

Degrees  29 _ d-spacing  A _ Degrees  29 _ d-spacing  A 


2.0 

44.2 

16.0 

5.5 

2.5 

35.3 

16.5 

5.4 

3.0 

29.4 

17  .0 

5.2 

3.5 

25.2 

17.5 

5.1 

4.0 

22.1 

18.0 

4.9 

4.5 

19.6 

18.5 

4.8 

5.0 

17  .7 

19.0 

4.7 

5.5 

16.1 

19.5 

4.6 

6.0 

14.7 

20.0 

4.4 

6.5 

13.6 

20.5 

4.3 

7  .0 

12.6 

21.0 

4.2 

7.5 

11.8 

21.5 

4.1 

8.0 

11.0 

22.0 

4.0 

8.5 

10.4 

22.5 

4.0 

9.0 

9.8 

23.0 

3.9 

9.5 

9.3 

23.5 

3.8 

10.0 

8.8 

24.0 

3.7 

10.5 

8.4 

24.5 

3.6 

11.0 

8.0 

25.0 

3.6 

11.5 

7  .7 

25.5 

3.5 

12.0 

7  .4 

26.0 

3.4 

12.5 

7.1 

26.5 

3.4 

13.0 

6.8 

27.0 

3.3 

13.5 

6.6 

27.5 

3.2 

14.0 

6.3 

28.0 

3.2 

14.5 

6.1 

28.5 

3.1 

15.0 

5.9 

29.0 

3.1 

15.5 

5.7 

29.5 

3.0 

■i.  c 
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